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ABSTRACT
Adsorption-Desorption and Movement of Picloram
(4-Amino-3,5,6-Trichloropicolinic Acid) in Soils
by
Desh Raj Duseja, Doctor of Philosophy
Utah State University, 1972
Major Professor: Dr. R. W. Miller
Department: Soils and Biometeorology
-Adsorption and desorption of picloram (4-amino-3,5,6-trichloropicolinic acid) in soils was studied utilizing both batch technique
and soil columns.

The five soils from the states of Utah and California

ranged from 0.6 to 18.7 percent in organic matter content, 5 to 21 percent in sesquioxides and 6.45 to 7.55 in pH.

In batch studies, the

factors affecting picloram adsorption-desorption included time, soil
type, organic matter, herbicide concentration, temperature, pH, and
inorganic electrolytes.
added picloram

The soils adsorbed 10.8 to 58.2 percent of the

from 0.05 to 10,0 ppm of picloram

aqueous solutions.

Adsorption was highly correlated with organic matter (r • 0.99), pH
(r • - 0.98), and aesquioxides content (r • 0.96) of the soils,

Adsorp-

tion was significantly correlated with cation exchange capacity of the
soils at the 0.05 level.

An incraaa

Equilibration timo rongod from 4 to 120 hours.

in the temperature from 17.7 C to 25 C cauaad 1ncroaa•d

adsorptin; raising the temperature further resulted in a decrease in
adsorption.

The adsorption followed the Freundlich model, but not the

Langmuir, Tempkin, or B.E.T. models.

Adsorption was inversely related

to induced pH changes from pH 3.6 to pH 9.2.

xiv
From 41.0 to 71.8 percent of the initially adsorbed picloram
could be eluted with two successive extractions of deionized water

from the three soils at 25 C.

The desorption thereafter was slow.

No evidence was found of picloram precipitation with the addition of inorganic electroly tes in aqueous solutions without soil.
Divalent inorganic cations were , generally, more effective in in-

creasing adsorption than monovalent cations.
of CaC1

2

Studies of the effect

concentrations (from 5 to 500 me/ 1) on picloram adsorption

by four soils suggested an exchange type reaction, picloram acting as
a cation.

These interpretations were not conclusive.

Column studies with two of the soils, at 1 .0 and 10.0 ppm
picloram concentrations and in the natural state as well as after
calcium saturation, corrobated the findings of batch studies; inorganic salts did impede picloram movement in soils, presumably by
increasing picloram ads o rption.

Applicability of a mathematical model, based on chromatographic
theory, to predict picloram movement in two soils was tested.
model overestimated

adsorption.

The

However, when a lower retardation

factor was used, the prediction was reasonable on the adsorp ti on side

of the herbicide distribution curve, but not the desorption side.
This suggested that a distribution coefficient, based on its change
with soil depth, may improve the predictability of the model.
(126 pages)

INTRODUCTION
Picloram

1

(4-amino-3,5,6-trichloropicolinic acid) is a systemic

herbicide which is readily absorbed through the leaves and roots of
plants.

Most woody plants are susceptible to picloram at 0.5 to 2

lb/A when applied as a foliar spray.

Several perennial herbaceous

broadleaved weeds are killed with 1 to 4 lb/A applied to the foliage
as a spray.

Similarly, some seedling broadleaved weeds are susceptible

to dosages as small as 0.5 to 2 oz/A .

Most established grass species

are relatively tolerant to foliage applications at the rate needed to
control broadleaved weeds, but pre-emergence application controls many
seedling grasses.
Picloram is applied to the soil mostly in the form of potassium

salt, in beads or pellets (120 to 200 lb/A having an active ingredient
of 2 to 3 percent) or mixed with 2,4-D

or other herbicides.

Some of the chemical and physical properties of the herbicide are
given in Appendix 1 .

Full chemical names are given in Appendix 2.

Interest in picloram stems from three factors.

Although it is

highly soluble in water (solubility 430 ppm at 25 C), it is highly
residual in soils.

As much as 10 times the normal usage rates are

often applied along ditch banks for perennial weed control.

These two

factors, together, can be a source of contamination of canal waters,

causing damage to other crop plants that use these waters.

Thirdly,

the eroded colloids from treated soils can reach and contaminate
reservoirs or other fields.
1
The trademark of Dow Chemical Company for picloram is Tordon .

Most researchers agree that all organic pesticides applied to
the soil are detoxified, sooner or later, by one or more of the
following factors:

photodecomposition, volatilization, chemical

alteration, removal by plant, microbial degradation, leaching or adsorption.

Previous research indicates that soi l adsorption is a primary

factor influencing the longevity of picloram in the soils (Bailey and
White, 1970).

Therefore, the purpose of this study was to determine

the effect of several factors on soil adsorption and desorption of
picloram.
In this study several behavioral factors of picloram in soils
have been investigated.

Effect of time, soil type, organic matter,

clay, pH, temperature, and inorganic salts on the adsorption and
desorption of picloram are some of the aspects of this work.
A mathematical model, based on chromatographi c theory and
material balance equation, was tested as to its suitability for prediction of picloram movement in soil columns.

3

REVIEW OF LITERATURE
Work reported in the literature, on the adsorption-desorption
and movement of picloram in soils, is similar to the work done on
triazines and other herbicides.

Also, picloram being an anion at the

pH's of this study, some literature has been included on the interactions in soil of inorganic anions like phosphates, berates, and
sulfates.
1.

The following scheme has been used.
Adsorption-desorption of pesticides in general:
A.

B.

C.

Factors affecting adsorption-desorption
a.

s-Triazine compounds

b.

Phenyl alkanoic acids

Effect of inorganic salts on adsorption-desorption

a.

Adsorption-desorption of pesticides

b.

Adsorption of inorganic anions

Movement in col umns and application of chromatographic
theory

2.

Adsorption-desorption of picloram
A.

B.
3.

Factors affecting adsorption-desorption
a.

Soils

b.

Exchange resins, clay minerals, etc.

Field studies and movement in different media

Photolytic, microbial and chemical degradation of picloram.
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Adsorption-desorption of Pesticides in General
Factors affecting adsorption-desorption
s-Triazine compounds.

The structure of atrazine, a common member

of this family, is shown in Appendix 3.

The pKa of this compound is

about 1.68 and solubility in water of 70 ppm at 27 C (Bailey and White,
1965).

It should, then, behave as a molecular species at pH's above

3.68.
Harris and Warren (1964) reported atrazine to be adsorbed by both
anion and cation exchangers, to be slightly adsorbed by muck soil, and
to be grea tly adsorbed by bentonite.
from bentonite than from muck.

Desorption occurred more readily

Talbert and Fletchall (1965) found

montmorillonite to be very adsorptive of atrazine, while no herbicide
was adsorbed on kaolinite.

Organic materials were more adsorptive than

clays.
Hilton and Yuen (1963) found atrazine to be quite readily adsorbed
on several Hawaiian soils but could not correlate adsorption with any
soil property .

Harris (1966) found atrazine to be adsorbed in greater

quantities by fine textured soils than by coarse textured soils .
To fur ther understand the behavior of atrazine in soils, a nitrogen
containing ring compo und , the effect of pH and temperature on its
adsorption-desorption was examined by Harris and Warren (1964).

They

found that atrazine adsorption on muck was temperature independent,
while adsorption on bentoni te was temperature dependent.

Talbert and

Fletchall (1965) reported that increases in temperature decreased
atrazine adsorption on montmoril l onite, kaolinite,and organic materials .
McGlamery and Slife (1966) reported very slight changes in adsorption

5

atrazine by a Drummer clay loam soil with temperatures _in the range of
0.5 C to 40.0 C.
in the same range.

Desorption was increased by increases in temperature
However, adsorption of atrazine by humic acid was

found by these authors to increase

with increases in tempe rature.

Desorption from humic acid was very slight.

These workers proposed

van der Waal's forces as the binding agent in adsorption on clays and
ionic bonding in humic acid .
Concerning the effec.t of pH, Talbert and Fletchall (1965)
reported that adsorption of atrazine by montmorillonite, kaolinite, and
organic materials was decreased by an increase in pH in the range of
5.0 to 7.0.

McGlamery and Slife (1966) also found similar results in

the pH range of 3.9 to 8 .0, during atrazine adsorption on Drummer
clay loam soil and humic acid.

Desorption of atrazine from the same

soil was increased by increases in pH.

Desorption from humic acid

was very slight.
Another aompound, of the s-Triazine family, prometone, has a pKa
of 4.30.

Its chemical structure appears in Ap pend ix 3.

Prometone

exists in molecular form in a neutral aqueous environment and assoc-

iates strongly with hydrogen as the pH is lowered.

Weber, Perry, and

Upchurch (1965) found that prometone was not adsorbed by kaolinite,
but gave s-shaped curves on sodium and/or aluminum montmorillonite,
and the adsorption was inversely related to pH and temperature.
Phenyl alkanoic acids .

General structure of this family of

compounds appears in Appendix 3.
Weber, Perry, and Upchurch (1965) found that 2,4-D (pKa = 2.80)
was negatively adsorbed by clay minerals.

Frissel and Bolt (1962)

6

also obtained similar results.

However, Haque et al. (1968) found

positive adsorption of 2,4-D on clay mineral illite,

kaolinit~

and

montmorillonite, although adsorption on kaolinite was minimum.

Tempera-

ture had little effect on the amount adsorbed.
Bailey, White, and Rothberg (1968), studying the effect of pH
on 2,4-D and 2,4,5-T (pKa = 3.14) adsorption by montmorillonite,
found that the magnitude of adsorption of these compounds is governed
by the surface acidity and not by the pH of suspension.
Effect of inorganic salts on
adsorption-desorption
Adsorption-desorption of pesticides.

The paper of Frissel and

Bolt (1962) was the earliest report found concerning the effect of
inorganic salts on pesticide adsorption.

These authors, working

with clay minerals, found that the main variables in the adsorption of
a number of organic acidic and basic herbicides, were pH and electrolyte
concentration of the system.

They explained the salt effect on the

basis of "salting out."

Nearpass (1967) studied the effects of the predominating cation
(Ca, Mg, K, or Na) on the adsorption of simazine (pK
and atrazine (pKa = 1.68) by Bayboro clay soil.

1

= 1.65,

pK

2

= 0)

He found that adsorp-

tion of these herbicides decreased with increasing degree of saturation
with these cations.

The decrease appeared to be a result of the

occupation of adsorption sites by cation, rather than a specific
effect of cation species on the adsorption of the herbicide.

He also

studied the exchange adsorption of 3-amino-1,2,4-triazole (amitrole,
pKa = 4.14) by montmorillonite, including the effect of CaC1
NaCl on the latter's adsorption (Nearpass, 1970).

2

and

A decrease in

amitrole adsorption was observed with an incr ease in salt concentration,

which he attributed to occupation of adsorption sites with metal cations.
He conc luded that adsorption of amitrole by neutral or alkaline soils
may be due to molecular adsorption by organic matter.
The importance of exchange type reactions in the adsorptiondesorption of charged herbicides is indicated by the work of Weber and
Weed (1968).

They found that diquat and paraquat (completely ionised)

cations were adsorbed by montmorillonitic and kaolinitic clay minerals
to the extent of their cation exchange capacity.

About 80 percent of

each of the herbicides was displaced from kaolinitic clay with Ba+
ions, whereas only 5 percent was removed from montmorillonite .
herbicides were found to exchange for one another.

2

The

Prometone, a

neutral herbicide, was adsorbed by montmorillonite but only slightly by
kaolinite.

It was released from both minerals more readily with de -

ionised water than with Ba+

2

ions (1M BaC1 ) .
2

MacNamara and Toth (1970) studied the effect of weak elecrolyte
solutions on the adsorption of linuron and malathion by soils and clay
minerals and found that, in general, ele ctrolytes appeared to suppress
or have little effect on pesticide release .
Hance (1971) made measurements of the effect of exchangeable
cations on the adsorption of linuron and atrazine by ca tion-exchange
resin, cellul oce phosphate powder, bentonite, and a peat soil.
cations studied were Ca+ 2 , Ni+2 , Cu+ 2 , Fe+ 3 , and Ce+ 4 .

The

The results

with linuron are consitent with the hypothesis that complex formation
with exchangeable cations is .a possible mechanism of adsorption.
was not true with atrazine.

This

8
Abernathy and Davidson (1971) studied the effect of CaC1 , at
2
0.01 and O.SN concentrations, on the adsorption of prometryne (pKa
3.05) and fluemeturon (a neutral species) in soil.

In batch equili-

brium studies, fluometuron adsorption was decreased and prometryne
adsorption increased by increasing the cac1
to 0.5N.

2

concentration f rom 0 . 01

The mobility of prometryne decreased in the two soils by

increasing the CaC1
by the two CaC1

2

2

concentration.

Fluometuron mobility was unchanged

concentrations in one soil, but increased in another

soil (Norge loam) at the high CaC1

2

Adsorption of inorganic anions.

concentration.
Hadas and Hagin (1972) studied

boron adsorption by soils as influenced by potassium (K) .

Potassium-

saturated soils adsorbed more boron than the untreated soils, and
Langmuir equations indicated a greater strength of adsorption by the
K-treated soils.

They concluded that potassium influenced the

adsorption of boron probably by creating more favorable conditions for
boron adsorption in soil .
Barrow (1972) studied the influence of solution concentration of
Ca+Z on the adsorption of phosphate, sulfate, and molybdate by soils.
He showed that adsorption of all three anions increased as the Ca
concentration in soil increased.

It was shown that simultaneous

increase in exchangeable Ca also occurred .

Movement in columns and application
of chromatographic theory
Elrick, Erh, and Krupp (1966) devised an apparatus to study
miscible displacement processes in soils.

The usefulness of this

technique was illustrated by a brief description of (1) the mixing of

9

Cl

in a glass bead medium; (2) the movement and adsorption of atrazine

in soil; and (3) the movement and microbiological nitrification

+

-

NH -N to N0 -N.
4
3

of

Non-conformity of the mathematical model of movements

to the actual movement of atrazine in soil columns was att r ib uted to
i ntra-aggregate adsorption and dead-end pores.
Lindstrom et al. (1967) developed an equation based on chromatographic theory to predict the theoretical curves for pesticide movement
for two different boundary conditions in saturated soil for various
wate r velocities in the pores and diffusion coefficien ts .

They did

not test their model. experimentally.
Davidson and Sante.lmann (1968), while moving solutions containing
fl uomet uron (a neutral species) and diuron (pKa-1 to -2) through
sat urated beds of

250-~

glass beads and through Norge loam soil columns

at two water flow rates, found that (1) more diuron was adsorbed by a
glass bead system than fluometuron, (2) the shape of fluometuron
distribution curves a t t wo flow rates were distinctly different, and
(3) fluometuron was as mobile as the chloride ion at both high and
low flow rates.
Davidson, Riek, and Santelmann (1968) found that the rate at
which fluometuron and duiron (two substituted urea herbicides) move
through a water-saturated glass bead column and uniformly packed soil
column depends upon water flux.

Experimental and calculated effluent

concentration distribution (calculated one based on a model similar to
the one used in this dissertation) did not agree when fluomet ur on was
retained by the porous material (soil).

10
Davidson and Chang (1972) applied the chromatographic theory of
pesticide movement to picloram movement in soils.

They demonstrated

that average pore water velocity influenced picloram movement more
significantly than variations in bulk density or largest aggregate
size at a given flow rate.

The model based on chromatographic theory

failed to predict picloram movement, which they attributed to
complexities of the adsorption process including the influence of
pore size distributi on.

King and McCarty (1968) employed an equation describing the
chromatographic movement of pesticides under non-continuous flow
conditions.

Experimental and theoretical curves agreed fairly well

for the leaching of organic phosphorus insecticides in soil col umns.
Adsorption-Desorption of Picloram
Factors affecting adsorptiondesorption
Soils.

Grover (1968) investigated the relationship between the

amount of picloram needed to reduce fresh weight of sunflowers by 50
percent (En

50

) and clay content, organic matter, and cation exchange

capacity of seven Saskatchewan soils maintained under controlled
environmental conditions.
ED

50

city.

There were no significant corre lations between

values of picloram and soil clay content or cation exchange capaED

50

values were highly correlated with soil organic matter

content, and increased as the soil pH was lowered or raised from pH
6.5.
Hamaker, Goring, and Youngson (1966) found the greatest adsorpt ion of picloram, 2,4-D and 2,4,5-T in soils containing a high
perc entage of organic matter, in soils rich in Fe and Al components

11
(red soils) and in acidic soils.

Ad~orption

s oils but slowly by highly organic soils.

occurred rapidly by red

The data suggest that adsorp-

tion of picloram is primarily caused by organic matter and hydrated
metal oxides, with clays probably playing a minor role.

Adsorption

of unionised picloram and its anion was involved.
Herr, Stroube, and Ray (1966) and Keys and Friesen (1968) found
that resistance to leaching of picloram in soils was corre l ated with
adsorption.

Herr, Stroube, and Ray (1966) also observed that picloram

adsorption in soils was inversely related to pH and directly related
to organic matter of the soil.
Exchange resins, clay minerals, etc ..

Bailey, White, and Rothberg

(1968) reported conformity to Freundlich adsorption equation for
picloram, when its aqueous solution was incubated with samples of
1 to 0.2

~

(micron) montmorillonite clays adjusted to pH values of

3.35 and 6.80.

They concluded that adsorption occurred to the greatest

extent on the acid H-montmorillonite compared to the nearly neutral
Na-montmorillonite.

Negative adsorption occurred when the adsorbent

was Na-montmorillonite.

There appeared to be slightly more of a driving

f orce (molar free energy) for adsorption of picloram than for
phe noxyacetic acid, although the difference in average free energy
(F) values for the hydrogen system was not great.

Grover (1971) studied the adsorption of picloram by various soils,
a ctivated charcoal, anion and exchange resin, kaolinite and montmoril-

lonite, wheat straw, cellulose powder, cellulose
moss.

triacetat~

and peat

He concluded that adsorption of the molecular form probably

would involve hydrogen bonding with hydrophobic surfaces, e.g. those
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on cellulose triacetate and peat moss.

The absence of adsorption on

clay minerals and cellulose powder suggested a total lack of attraction
of both forms of picloram for hydrophilic surfaces.
Field studies and movement
in different media
Herr, Stroube, and Ray (1966) found that the region of highest
concentration of picloram in heavy and medium-textured soils, when

sampled 9 and 15 months afte r application, was near the surface .
Merkle, Bovey, and Davis (1967) investigated the effect of soil
type, temperature, and moisture on the persistence of picloram.

Detectable quantities of picloram were present in Houston clay,
Axtell sandy

loa~

and comercial sand after incubation for one year,

at 4, 20 , and 38 C and moisture levels of both field capacity and
0.1 field capacity, from rates as low as 0.25
lb /A).

~g

per gram soil (0.5

Movement studies indicated that leaching was an important

means of dissipating the herbicide in light soils; picloram moved
more completely thr ough the surface 2 feet of soil; the greatest
herbicide concentrations generally were found at the deepest sampling
depth.

Goring, Yo ungson, and Hamaker (1965) also reported the highest

concentrations of picloram in soil samples from four states to be in
the top 12 inches.
Photolytic, Chemical, and Microbial
Degradation of Picloram
Youngson et al. (1967) studied factors influencing decomposition
of picloram in soil, including organic matter content, moisture, and
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temperature.

Decomposition was found to be incidental to breakdown of

soil organic matter.
Goring et al. (1967) showed no important effects of picloram
herbicide in soils at 100 ppm, on

co 2

evolution, urea hydrolysis,

population counts of bacteria and fungi, nitrification of ammoni um to
nitrite or of nitrite to nitrate.

Redemann et al. (1968) concluded

that biochemical transformations imposed on picloram, whether by
means of microorganisms in soil or plants, did not result in complex
degradation products closely related to the herbicide but , ra ther, to
a spectrum of simpler compounds more nearly related to materials which
are normal to a living system.
Hance (1967) noted very little decomposition of picloram by
non-biological chemical processes even at high temperatures.

Merkle,

Bovey, and Davis (1967) found that picloram was decomposed by ultr aviolet radiat ion and by sunlight even in the presence of soil .

Corbin

and Upchurch (1965) were not able to detect any detoxification after
incubating picloram in soils at various levels of pH for 8 weeks.
Dowler, Forestiner, and Tschirley (1968) reported that appreciable
picloram remained in Puerto Rican forest soils for 1 year after tre a tment.

Goring, Youngson, and Hamaker (1965) estimated the half-life of

picloram in various soils in the United States varying from 1 to 13
months.

The literature contains conflicting reports concerning the kinetics
of degradation of picloram.

Grover (1967) noted that following a lag

period, the degradation of picloram occurred as a first order reacti on.
However, Hamaker, Youngson, and Goring (1967, 1968) concluded that
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half-order and Michaelis-Menton were the kinetic expressions that most
satisfac torily described the detoxification of picloram in the soil.
Evans (1972)

1

found that picloram, in the absence of soil, was

very sensitive to degradation by sunlight.
the following products:

They were able to detect

decarboxylat ed picloram (Rf

A (Rf = 0.14), unknown B (Rf = 0.21).

0.60), unknown

Unknown A and B correspond to

picloram with one chlorine and two chlorine atoms lo st respectively.
1

Evans, J. 0. 1972. Personal communication, Assistant Professor,
Department of Plant Science , Utah State University, Logan.
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THEORETICAL DEVELOPMENT
Adsorption Isotherm Models
Various adsorption models are available in the l iterature.
Conformity to a model may enable us to evaluate any adsorbent with
regard to its energy of adsorption, and adsorption capacity.

However,

it shoul d be remembered that conformity to a particular mode l is not
proof that assumptions of that model are being met.
Freundlich adsorption isotherm
The Empirical Freudlich isotherm is of the form:
y
where:

y

~gms

[1)

of solute adsorbed/kgm soil

equilibrium concentration in ppm

b and n

constants for a given adsorbent and adsorbate .

A linear plot conforming to equation
log Y

log b+n log ce

[2)

should result if logY is plotted against log Ce' and providing the
data fit the Freundlich equation.

This equation implies that the

distribution function of energy sites is exponential (Adamson, 1967).
However, the derivation of the Freundlich equation is an empirical one.
If the data fit the equation, it is probable, but not proven, that t he
surface is heterogeneous.
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Other models
In heterogeneous systems, such as soil, conformity to models like
Langmuir model are not anticipated .

However, these models are discussed

here briefly for comparison.
Langmuir model .

The Langmuir model is based on the assumption

that (1) heat of adsorption is the same for all adsorption sites and
does not depend unpon the fraction of sites (8) covered, (2) there is
no interaction between molecules on different sites, and that (3) each
site can hold one molecule.

In the linear form, this equation is

written as

ce

ce

X/m

X

rn

1

[3]

+Xb'
rn

X

«here Ce is the equilibrium concentration of solution phase; ;;; is the
amount of solute adsorbed per unit weight of adsorb ent; Xm is the
adsorption maximum; and b ' is a constant at a given temperature.

If

c
the data fit this model, a plot of xe

vs ce should be a straight line.

m

B.E.T. model.

This model is an extension of Langmuir model to

include multilayer (multimolecular) adsorp tion.

One form of B.E.T.

equation is
_5!..
Co

[4]

where C is the equilibrium concentration at wh ich an amount, X, of
a solute is adsorbed; Co is the solubility of the solute in question,
X is the amount of solute adsorbed when the entire surface is covered
m

with a complete monolayer, and A is a constant related to the heat of
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adsorp t ion.

This equation is valid when a straight line is obtained

upon plotting

c

vs ....£.

X(Co-C)

Co

This equation has been used for studying adsorption of pesticides with
reasonably high vapor pressures (Jurinak and Volman, 1957).
Tempkin model.

This model applies to adsorption where distribution

of adso rption sites is linearly related to each other .

The equation is

written as

RT
8 = - MH ln A C

(5]

where 8 is the fraction of surface covered, 6H is the heat of adsorption,
A and B are constan ts and C is the equilibrium concentration.

This model

may be tested by plotting amount adsorbed against ln C (Gregg, 1961).
Adsorption Mechanisms
A number of adsorption mechanisms are proposed in the litera ture
describing the binding of organic molecules with organic matter, clay
minerals and amorphous materials in the soil (Grim, 1968; Bailey, White,
and Rothberg, 1968; Mortland, 1970).

Adsorption mechanisms for organic

molecules in general and picloram in particular will be described here.
Adsorption mechanisms for
organic molecules
According to Mortland (1970), many compounds may become cationi c
after adsorption on a surface.

The source of protons for such a

reaction and the other mechanisms given by him are di scussed below,
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mod i f ied where funct ional gr oup s on o r ganic matter and on amorph ous
ma terial are involved.

Exchange with H+ occupying cation exchange sites.
8- NH

2

or

Pc - 0

where

8

+ H+ - s .... 8NH +s
3
+ H+ - S

+

PcOH-S

"0"
" I .~,.,
\

0

s

NH
Pc

-

Surface site
2

"D

Cl

" I; ,'
This reaction goes to

co~pletion

0

because it is essentially be-

tween a strong acid and a relatively str ong base to give a salt.
Where the hydrogen is part of a hydroxyl group at the edges of clay
minera ls or on amorphous material, the ability to protonate organic
bases would be strongly pH dependent.

This reaction is characterized

by high heats of adsorption and a high degree of irreversibility .
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Water associated with metal cations at the exchange sites.

Water

is not likely to be acidic enough to protonate many organic molecules.
However, when water is associated with metal cations, hydrolysis of
this complex can produce protons, depending upon the properties of
the metal ion involved.

where M is the exchangeable metal cation.

The overall reaction

invo l ved when an organic molecule is protonated by such a process
is :

where B is the base in question.

It would be expected than that

the ability of a clay surface to protonate compounds would be
dependent upon the nature of metal cations on the exchange sites.
It has been observed by these workers (Mortland, 1970) that acidity
of the clay surface is greater than would be expected from pH measurements of the clay in wate r .
Proton transfer from protonated species already present on the
s ur face is another mechanism discussed by Mortland (1970).

The

general reaction is:

where AH+ represents the protonated species (proton donor) on the

+

surface (for example NH ) , and B represents the base (proton
4
acceptor) such as a picloram anion.
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Hemi-salt formation.

When the amount of adsorbed base (B) on

a surface exceeds the number of protons available for cation formation,
two mole cules compete for t he proton on an equal basis, forming a strong
symmetrical hydrogen bond and a cation of the [B

2

- H]+ type.

This has

been observed by Mortland (1970) in the case of ethyl ammoniumethylamine complex.

However, this complex was found stable only in

vacuum, and broke up in water.

Hydrogen bonding is still another mechanism by which organic
molecules are bonded to surfaces.
Water-bridge.

Invo lves the linking of a polar organic molecule

to an exchangeable metal cation through a water molecule:

This kind of bond has been demonstrated for montmorillonite
complexes with pyridine (Mortland, 1970).
Clay mineral oxygens and hydroxyls.

Interaction of molecules

capable of hydrogen bonding with oxygens or hydroxyls of the clay
mineral surface has been considered to be the primary mode of interaction and the basis for many models of adsorption in the past.

For

the adsorption of neutral but polar organic molecu l es by metal
sa t urated clays, ion-dipole interactions are overriding in their

effect.
van der Waal ' s forces.

It is generally concluded (Mortland,

1970) that van der Waal's forces become quite significant in clayorganic complexes particularly for organic compounds of large molecular
weight.
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While clay-organic sys t ems have been desc ribed above , i t is
reasonable t o expect that similar mechanisms still operate in o ther
systems s uch as organic molecules and organic matter, rendering those
s ites no longer electropositive.
Adsorption mechanisms for
picloram
According to Bailey , White, and Rothberg (1968), the f ollowing
mechanisms for bonding of the picloram molecule to soil and to
organic matter constituents are possible:

1.

Physical adsorption.

According to Bailey, White, and Rothberg

(1968) this adsorption mechanism is applicable for picloram
when acidity of the system is such that pH ~ pKa + 2.

2.

R-N-H

- - 0 - clay.

This me chanism is applicable when

pH of t he system was >pKa + 2.
3.

>

c=

0 - -

Z+ charge).

4.

MZ+ - clay (where MZ+ is a metal cation of
It was applicable when pH > pKa + 2.

/H~
>

MZ+ - clay.

c = o~H/o

This mechanism was

a pplicable irrespective of whether pH was gre ater or l ess
than pKa + 2 .

5.

~

- C - OH - - - 0 - clay.

This was a pplicab le when pH was

less than pKa + 2.
6.

B + [H+- clay]

+

HB+ - clay.

also applicable when pH
base.

~

This t ype of mechanism was

pKa + 2.

B here signifies organic
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clay] + (HB+- clay).

It

was applicable when pH was > pKa + 2.
The above authors worked with clay minerals only.

It is reasonable

to assume, however, that many of the above mechanisms will be operative
in picloram-organic matter interactions.

For example, hydrogen for the

bonding of picloram through the carbonyl oxygen can be supplied by -NH
and -OH groups of organic matter.
Mathematical Treatment
(Ion Exchange Chromatography)
The concept of ion exchange chromatography is based on the concept
of material conservation.

In other words, the change in the material

flux within a section of column

~z

(z refers to depth) is equal to the

sum of the rate of change of concentration of the solution phase and

the rate of change of concentration of the exchanger phase within
the section.
Three different approaches can be identified in the literature
according to the treatment of the rate of ion exchange.

The model

developed by Thomas (1944) was based on the condition of the
servation of the exchanging ions.

con-

It required that within a fini te

section of column, the change in solute flux must be accounted for by
the rate of change of the solution concentration of the exchange phase.
This is more clearly depicted by Equation [6] which is written in
terms of the notation defined in this paper.
vo

ac

a

+

lf. + £. ~ = o

at

e at

[6]

where C is the concentration of solute i n solution, q is the amount
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of ion adsorbed per unit weight of adsorbent, z is the depth of the
column, t is time, Vo is interstitial flow ve locity, p is bulk
density of soil column.

The characteristic of Thomas' study is the

treatment of the reaction rate of solute exchange .
The model developed by DeVault (1963) for single solute chromatography was also based on the same conditions of sol ut e conservation
in the column process and is described by an equation similar to that
of Equation [6]

ac

a; +
where q

1

ac

avo

aql

+ avo

= 0

[7]

is the solute adsorbed per unit length of exchanger.

A

characteristic of this model is that it assumes an instantaneous
equilibrium between the solute and the exchanger.
Neither of the two models mentioned, whic.h considered kinetic
and equi librium approaches respectively, included the fluid dispersion effect.

Fluid dispersion is another factor that can cause the

spreading of the fluid from the idealized piston flow in a column.
Lapidus and Amundson (1952) developed a model which takes into
account the dispersion in addition t o the mass flow in the flux term
of the material balance equation.

The equation is written as
[8]

where Do is the fluid dispersion coefficient.
This is the model that most closely resembles herbicide movement through porous materials and has been used for this purpose by
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various workers with varying success (Davidson, Rieck, and Santelmann,

1968 ; Elrick, Erh, and Kr upp, 1966; Abernathy and Davidson, 1971; and
Davidson and Chang, 1972) .

Conversion of this equation into a working

equation is given below.
Assuming an equilibrium between solut ion and exchanger phases,
q

f (C).

[9]

By using chain rule,

h
or

f(C)

ac

at

ac at

h

K • ~
ot

ot

[10]

where K is the slope of the exchange isotherm.

Substituting Equation

[10] into Eq uat i on [8] gives
vo ac +

[11]

oz

K, the slope of the exchange isotherm, has also been ca lled the
distribution coefficient.

It is obtained by assuming the following

linear relationship between the quantity in so luti on and that ret ained .
Y

= KC e

[1 2 ]

where Y is the quantity of solute retained per unit weight of adsorbent
and Ce is concen tration of so lute per unit volume of soil wa ter.

The

distribution coefficient is assumed concentration independent over
the herbicide concentration range in question .
A problem of interest to ag ri culture is the uniform application
of a herbicide solut ion to the surface of a semi-infini te body of soil.
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At a predesignated time, T, a herbicide free sol ution is applied and
the herbicide slug (solution) of width VoT displaced through the soil
profile.

The initial and boundary condi tions, describing the herbicide

ap plication and subsequent displacement are
0

(a)

where C

0

VoC - Do ac (for z
az

(b)

VoCo

(c)

voc(O,t)

(for z

0

=

0

O<t <T)

0

t >T)

[13)

represents the concentration of the incoming solution.

above boundary conditions at z

The

= 0 are an improvement over those used

by Lapidus and Amundson (1952) in their solution of Equation [8).

For

example, the boundary conditions at the inlet or soil surface requires
only a constant flux of concentration C at z

0 a nd not C

0

z

= 0 for times greater than zero but less than T.

= C0 at

The latter con-

straint may be difficult to achieve for small wate r fluxes and solutes
or adsorbents with large distribution coefficients.
The solution to Equation [11), subject to initial and boundary
conditions given in Equation [13), is given by Davidson, Rieck, and
Santelmann (1968) as follows:
f._=.!. {erfc
2
Co

+

2v

- 2v

v

D
+~

D

~
Dll

[~]
/Tot
exp-

~
Dll

[~ +
[~

- erfc [z -v (t - T)l
/ 4D(t - T)

[~]2
I4Dt
exp

Vt + z]exp

_ [z -

v (t - T)J

2

/ 4D(t - T)

[zv]
erf[~]
D
l4iJt

- T)]}
+ V(t - T) + z l exp [zv)
0 erfc [z +v(t
14D(t - T)

[14)
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where

D

Do

1 + pK/8

and v

vo

[15]

1 + pK/8

This equation, then, gives the concentration of picloram in the
effluen t from the soil column, relative to the initial or input concentration of picloram, as a function of time in hours.

With a

relatively constant f low veloci t y of wa ter, amount of water passed
through a body of soil should be proportional to time.

Therefore,

if the concentration for kill or reduction in plant grow th is known,
then ideally, a calculation of the amount of water necessary for this
concentration to be at a specific depth can be made from previ ously
measured parameters.
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MATERIALS AND METHODS
Preparation of Stock Solutions and
Calibration Curves
Stock solutions containing 0.05 to 10 ppm of acid-labelled
picloram (specific activity 4.13
water .

~C/mg)

were prepared in deionized

The solutions were then subjected to scintillation counting

on a Packard TriCarb liquid scintillation counter accord i ng to the
method of Yaron, Swoboda, and Thomas (1967).

One ml aqueous sample

was added to 19.0 ml of liquid scintillator, dissolved by slight
shaking and counted for at least three 10-minute periods.

Radio-

activity was usually high and the counting efficiency was approximately
65 percent or better.

The counting error was ±3 percent.
Laboratory Procedures

Degradation of picloram
A preliminary 30-day experiment utilizjng 25 to 50 ml stock
solution of 0 .05 to 1 ppm picloram was performed to check any adsorption on gla ss walls, polypropylene centrifuge tube walls, rubber
corks, or degradation by sunlight.

As a precautionary measure, the

experiments were conducted in a dark room, because the actual

handling of samples may be subjected to different light conditions
from one experiment to another .

To check for degradation of picloram during the course of an
experiment, a thin layer chromatography (TLC) technique was used.

28
A 100

A sample (column effluent in case of column studies) was applied

t o the TLC plate in quadruplicate.
had a coa ting, 250

~ t hick,

The TLC plate (purchased commercially)

of Si l ic AR TLC- 7GF, a neutral sorbent

produced by Mallinckrodt, which contained approximately 84 percent
Silicic acid, 10 percent CaS0 , and 6 percent Phosphor.
4
The developing solvent was benzene:
plates were viewed under UV light.

Acetic acid (152:48).

TLC

Portions of adsorbent containing

the spot we re scrapped with a clean spatula into a scin tillation vial,
scintillation fluid added, and counted, along wi th samples of known
radioactivity.

Portions of TLC plates, with their Rf val ues correspon-

ding to known degradation products of picloram, were also counted.
Samples were applied to TLC plates immediately after elution from the
co lumn, along with samples of known radioactivity.
Factors affecting soil adsorptiondesorption of picloram (batch st udies)
A series of experiments were conducted to determine the influence
of incubation time, soil t ype, organic matter, herbicide concentration,

pH, and inorganic salts on the soil adsorption and release of picloram.
A slurry technique (Hance, 1965) was used throughout the series and
quantitative determinations of the herbicide were made primarily by
using radio-labe lled picloram.

The followi ng procedures were common

to all experiments unless otherwise noted.
Ten grams of air-dried (5 grams for Chance and Aiken soils) 60mesh soil were weighed into a polypropylene tube and 10 ml of herbicide solu tion added.

The tubes were stoppered and placed on a

mechanical shaker in a constant temperature bath until equilibrium
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was re ached or for the indicated time.

After shaking, the slurry was

centrifuged at 1500 RPM for 10 minutes.

A 1 ml aliquot of the superna-

tant was taken at various intervals and counted.

The herbicide adsorbed

was determined by subtracting the concentration found in the supernatant
from the initial concentration.
water bath was ±0.3 C.

The temperature fluctuation in the

All determinations were made in duplicate, and

the experiment was repeated if necess a ry.
Five soils were used for these experiments.

Important character-

istics of these soils are described in Table 1 .
Effect of time on adsorption-desorption of picloram was investigated by the above mentioned slurry technique by taking aliquots after
each 24-hour interval, except in Aiken soil where samples were taken
at 1/2-hour intervals.

When no change in the picloram concentration

of the supernatant was observed, it was assumed that equilibrium had
been reached.

Similar procedures were followed for desportion, except

the time interval for sampling was generally four hours.
One experiment was designed to determine the influence of soil
type and organic matter on soil adsorption of picloram.

Organic

matter was removed from the soil by heating to 350 C for 24 hours in
an electric furnace.

Adsorption of picloram was determined by the

fiv e soils after removing the organic material by using the slurry
technique.
Desorption of picloram was studied utilizing the following
technique.

Adsorption equilibrium was allowed to t ake place and 1 ml

sample of the supernatant was taken after centrifuging the sample.
Ten ml water was then added and the system was allowed to reequilibrate; the tubes we re centrifuged and a 1 ml aliquot was again

Table 1.

Properties of soils used in the studies

Soil type

pH

Organic

Air dry

matter

moisture

Sanda

Silt

Clay

Sesqui-

Cac~

oxides

equ~v.

3

Cation

Pic lor am

exchange dissociated
in waterb
ca acit
meq/lOO . gm
%

%

%

%

%

%

%

%

7.35

2.53

2.62

3.4

59.6

37.0

6.9

2.1

25.7

99.94

Millville
silt loam

7.55

1.90

1.14

14.9

65.7

14. 9

5.2

28.0

15. 6

99.96

Chance
loam

6.50

18.70

4.76

34.6

53.3

19.1

5.1

0.09

37.0

99.60

Aiken
clay

6.45

0.60

4.48

27.2

32.6

40.2

21.7

0

16.3

99.56

Providence
silt loam

7.05

3.59

1.92

31.6

53.1

15.3

5.2

0

30 .5

99.89

Nib ley
silty clay
loam

aincludes 2 to 0.05 mm fraction
bbased on a pKa of 4 .1 (Hamaker, Goring, and Youngson, 1966) for the dissociation of H+ from the
carboxylic group

\.o.>

0

31
taken from the supernatant for analysis.

To study the effect of dilu-

tion on desorption of picloram, the soil-solution was diluted with
additional water af ter adsorption equilibri um.

They were allowed to

re-equilibrate for 24 hours and 1 ml samples were withd r awn from the
supernatant for counting.
The influence of herbicide concentrations on adsorption of
picloram was studied using picloram concen trations ranging from .05
to 10 ppm and fo llowing the procedure outlined above.
Four different temperatures (17 .7 C, 25 C, 28.2 C, 24.7 C) were
used with Providence and Chance soils and three temperatures (17.7 C,
25 C, and 34.7 C) were used with Aiken soil to study the effect of
temperature on adsorption and desorption of picloram.
Another experiment was desi gned to determine the effec t of pH on
adsorption of picloram by Providence and Chance soils.
was induced by adding either KOH or HCl.
a llowed for equilibration.

The pH change

Twenty-four hours were

The pH effects above pH 9.2 in Providence

soil and above pH 8.5 in Chance loam could not be studied because of
solubilization of organic matter by the high alkalinity and consequent
interference during scinti llati on counting.
The influence of several salts on adsorp tion of picloram onto
the Providence soil was investigated.

Dilute solutions (1 to 5 meq/1)

of KCl, K2 so , Caso , and CaC1 were used , and their influence on
4
4
2
picloram adsorption was studied using the slurry technique.

A pre-

liminary t es t using concentrations of 66 meq/1 and 660 meq/1 BaC1
was performed.

The effect of CaC1

2

2

concentrations on theadsorption of

picloram by the other four soils was examined at 0, 5, 10, 25, 50, and
500 me/1 .
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Mechanical analysis {particle size distribution) and organic matter
analysis were done by the Utah State University Soil Testing Laboratory.
The former was based on a method adapted from Kilmer and Alexander
(1949) .

The latter was adapted from the Walkley-Black wet d i gestion

method (Allison , 1965).
Cation Exchange Capacity (C.E.C . ) was determined by the method of
Chapman (1965) by the Utah Sta t e University Soil Testing Laboratory.
Column studies
Columns used in this study were made of pyrex glass, 2 em in
diameter, with fitted glass bottoms.

There was a narrow out l et at

the center of the bottom of each column.

Soil was packed into the

column to depths of about 9 em to 14.5 em.

Soil in the column was

saturated with deionized water to eliminate air in the column by
gradually immersing the column into water in a graduated cylinder
and leaving it until free water appeared on the top of the soil
column.

Deionized water was then passed through the soil from the

top for 24 hours before the herbicide was added.

The soil column

contained glass beads to a depth of about 0 . 5 em at the top of the
s oil to prevent the soil from puddling.
After the soil had been washed free of herbicide at the end of
the experiment, the same column was used to determine the dispersion

coefficient (Do).

A solution of O.lN CaC1

Cl- breakthrough curve (BTC).
calculated from the Cl

ac
at

2

was used to obtain the

The dispersion coefficient was

BTC according to the Equation [16 ] .

[16]
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The s olution of this equation was given, f o r a non-reacting solute
(Cl- ) , by Rifai, Kaufmann, and Todd (1956) as

.Q__

c0

1
2

(1 ± erf z

~]

[17]

21 Dt

where the sign is "+" for z < vo t and

11

-

11

for z > vo t.

The dispersion coefficient is calculated from Equation [17] by
determining the value of C/ C on the BTC of Cl
0

is the length of the column.

when z = L, where L

A typical BTC for Millville soil is

shown in Figure 1.
The chloride concentration was determined by the potentiometric
titration with O. OlN AgN0 .
3

A Corning Model 12 pH meter with an

expanded scale was used; the electrodes used were a double junction
electro de as a reference and a silver billet electrode as the indi-

cate r electrode.

A Hea th Recording Electrometer Model Eu-20-11 was used to
monitor flow rates from the column.

The average interstitial f l ow

velocity (vo ) was obtained by averaging the flow rates for the
column e ffluent fractions (3 ml each).

As expected , there was a

sli ght decrease in flow rate over the period of a particular experiment.
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A typical Cl- breakthrough c urve (BTC) used for calculating
dispersion coefficient.
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RESULTS AND DISCUSSION
Na tur e of Adsorbate
Hamaker (1972)

1

end Volk (1970)

2

have observed that ionization

process for picloram involves only the carboxylic group.
NH

NH 2

2

I~

ClDCl
pKa
(

/.
Cl

N

C'\: 0

4.1

"[f
Cl

N

C

0

=

'\_

OH

[18]

0

The basicity of amino-nitrogen and ring nitrogen is low and no
amphoteric behavior is observed in aqueous solution; apparently

t~e

picloram molecule is sufficiently chlorinated to suppress the basicity
of the nitrogen.
The pKa for the ionization process given in Equation [18] has
been reported in the literature to be between 3.6 and 4 .1 .

The value

of 4.1 (Hamaker, Goring, and Youngson, 1966) was taken for this study.
Consequently, at the equilibrium pH's of concern in this work, namely
6.45 to 7.55, more than 99 percent of the picloram species wi ll be in
anionic form as given on the right side of Equation [18].
1

Hamaker, J . W. 1972. Personal communication, Dow Chemical Company,
Midland , Michigan.

2
Volk, V. V. 1970. Herbicide Adsorption by Soils as Affected by
Herbicide and Soil Properties. Oregon Project 873 report.
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Degradation of Picloram
Various aqueous solutions of picloram (0.05 to 1 ppm) were left
in Erlenmeyer flasks for up to 12 days in the laboratory, receiving
normal amounts of sunlight.

No indication of degradation was noted,

as determined by liquid scintillation counting.
The microbial regime in the soil may be different from that found
in the solutions; therefore, microbial breakdown could still be a
possibility in the presence of soil.

However, an experiment by Corbin

and Upchurch (1965) which included several diverse soils, different
temperatures and pH and varying periods of incubation provided evidence
that microbial or photolytic decomposition of the herbicide under the
conditions used in our experiments would be negligible.

For this

reason, no attempt was made to extract the chemical quantitatively
from the soil.

However, all experiments were performed in a dark room,

s o that conditions of the experiments conformed as closely as possible
to those of Corbin and Upchurch (1965).
Because of the time involved in adsorption studies (up to 5 days)
and due to the possibility of the microbial regime in our soils being
different from that of Corbin and Upchurch (1965), degradation of
picloram was tested.

Thin layer chromatography (TLC) was applied to

random samples from column studies, in two of the soils used.

Results

reported in Table 2 for Millville and Aiken soils are typical of other
results.
Since the picloram was carboxyl-labelled, its decarboxylation
would reduce the radioactivity of picloram spots eluted on TLC plates.
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Table 2.

Radioactivity recovered from picloram spots (Rf = 0 . 46)
of thin layer plates after application of given radioactivity from the soil co lumn effluent containing 14clabelled picloram

Soil

Radioactivity
(DPM) app lied

Millville a
Aiken

b

Radioactivity (DPM) recovered
Replicates
Average
1

2

4760

4680

4530

4707

4390

5100

aL.S.D . (1 percent)

406

bL.S .D. (1 percent)

1892

3
4660

4
4380

4565
4745

However, it is apparent from Table 2 that no decarboxylation of picloram
took place in the random water samples taken from the column effluent
of the t wo soils.
Por ti ons of the TLC plates, af t er application of the effluent
samples and development, were e luted and counted at the spots with Rf
values close to those expected for known degradation products of
1
picloram (Evans, 1972) .

No radioactivi ty was detected.

An alternate check on picloram decarboxylation was made on a set
of samples of effluent from Millville and Aiken soil columns being
eluted with

14

c-labelled picloram.

Dry ice (solid C0 ) was added to
2

these samp les immediately after elution from the column, subsequently
an aliquot was drawn for counting.

The objective was to drive out

any 14 co that might be present as a result of picloram decarboxylation.
2
Dry ice was added in small pieces and samples thoroughly shaken.

The

radioactivity detected before and after addi tion of dry ice shows that
1 Evans, J. 0. 1972. Personal communication, Assistant Professor,
Dep artment of Plant Science, Utah State University , Logan .
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decarboxylation of picloram did not take place in the course of the
experiment (Table 3).

The difference s in radioactivity before and

after addition of dry ice were not significantly different.

Table 3 .

Radioactivity detected in random samples of column effluent
from Millville and Aiken soils eluted with 14c-labelled
picloram

Soil

Sample

Radioactivity (DPM)
before addition
of dry ice

Mi llville a

1

13960

13764

17917

17338

3

14273

14911

4

10944

11412

l

2080

2140

2

3040

3150

3

4500

4400

4

5510

5860

5

6970

7040

Aiken

b

aL.S . D. (1 percent)

1292

bL.S.D. (1 percent)

272

Radioactivity (DPM)
after addition
of dry ice

Effect of Time on the Adsorption
and Desorption of Picloram
Adsorption
As s hown in Figure 2, adsorption equilibrium for picloram was
essentially attained by Millville, Nibley, and Providence soils in
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Effect of time on ads orption of picloram by four soils at
1 ppm initial con centration at 25C.
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5 days (120 hours).

Aiken soil attained equilibrium within 4 hours

(not given in Figure 2).

Chance loam soil was still adsorbing after

5 days.
The adsorption kinetics of soils in Figure 2 shows soils with
higher organic matter to ok longer to reach equilibrium.

Although the

soils differed in many soil properties (Table 1), organic matter
accounted for a major portion of adsorption on these soils.
Talbert and Fletchall (1965) attributed small increases in
adsorption of herbicides by soil with time after 1 hour to (1) a delay
in the wetting of smal l interior capillaries, (2) the slow diffusion
of the herbicide into these interior surfaces, (3) a slow, i rreversible
fixation due to chemical forces, (4) the mechanical breakage of soil
particles, or (5) the formation of complexes.

In the present studies,

the use of 60 mesh soil reduced the s l owing effects of mechanical
breakage of soil particles.
Slow diffusion of picloram into the interior smaller capillaries,
as suggested above, may have occurred in these studies.

Hamaker,

Goring, and Youngson (1966) attributed the slow rate of adsorption of
piclor am on some soils to diffusion into the lipid-like phase of
organic matter.

They found aqueous NaOH to be more efficient than

water in eluting sorbed picloram, which may be due partly to the
ability of NaOH to break up and emulsify lipid systems.
Desorption
Table 4 shows the release of picloram from Providence silt loam
soil at various time intervals when the soil was maintained at different temperatures.

The major portion of adsorbed herbicide is

41
Table 4.

The release of picloram from Providence silt loam soil at
several time inte r vals when the soil was maintained at
25.0, 28.2, and 31.5 ca
Picloram desorbed
llgm/kgm soil % initially adsorbed

Temperature

Time
hrs.

25.0

2
2.5
3
4
20
24

49
64
67
72
91
96

13 . 2
17.3
18 . 1
19.4
24.5
25.9

28.2

4
8.5
12.5
32

80
118
126
168

21.6
31.8
34 . 0
45.3

31.5

4
8.5
12 . 5
32

85
115
131
142

22 . 9
31.0
35.3
38.3

•c

aaverage s t andard deviation

desorbed in a few hours.

7.57

The release thereafter is slow.

However,

it was established that desorption equilibrium was attained within
24 hours for all soil.
Effect of Soil Type and Organic Matter on
Adsorption and Desorption of Picloram
Adsorption
The re l ation of soil type, organic matter and adsorption of
picloram at two concentrations is given in Table 5.

Chance loam

soil had the largest adsorptive capacity, with adsorptions of
1042 and 582 llg picloram/kgm of soil at the two concentrations
used.

In decreasing order of adsorption were Providence silt

loam, Aiken clay, Nibley clay loam, and the Millville silt loam

Table 5.

Adsorption of picloram by five soils, in their natural state and after removal of organic
matter. Incubations were made at 25 C and picloram concentrations of 0.5 and 1.0 ppm

Soil

Organic
matter

pH

%

Chance
loam

With orEanic matter
high ratea
low rateD
]..lgms
/kgm

%

]..lgms
/kgm

%

Without orEanic matter
Amount adsorbedC
]..lgms/kgm

%

Pic lor am
adsorbed on
orsanic matter
adsoq~tion
]..lgms/kgm % total adsorbed

Reduction

in

18.7

6.50

1042

52.1

582

58.2

144

7. 2

898

85.6

Providence
silt loam

3.6

7.05

371

37.1

175

35.0

49

4.9

322

88.0

Nib ley
silty clay
loam

2.5

7.35

236

23.6

-

-

18

1.8

218

91.0

Millville
silt loam

1.9

7.55

108

10.8

-

-

29

2.9

79

70.0

Aiken clay

0.6

6.45

268

13.4

135

13.5

240

28

10.5

12

~igh rate corresponds to 1 ppm of picloram in solution
blow rate corresponds to 0.5 ppm of picloram in solution
cat high rate

_,..
N
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soils, adsorbing 371, 268, 236, and 108

~gm

respectively from the 1.0 ppm solution.

picloram kgm of soil,

If the Aiken clay is excluded

sorption by soils parallels the organic matter content of soils.
The linear regression analysis between organic matter content of
the three soils a t similar pH levels (Providence, Millvi lle, and Nibley)
and adsorption indicates that adsorption increases with an increase in
the soil organic matter content (Figure 3) .

Inc luded in Figure 3 is

the linear regression line for the reduction of adsorption with reduction in organic matter for the three soils.

The Aiken and Chance soils

were excluded from t his analysis.
Regression analysis for reduction in adsorption as related to
reduction in organic matter content shows a correlation coefficient

of 0 .98 compared with 0.99 for adsorption vs organic matter content
(Table 5).

This shows that the amount of picloram adsorption

attributable to the organic matter fraction is large.

These results

agree generally with those of Grover (1968), who found a change in

Eo 50 value of about 0.043 ppm picloram (43

~ gms/kgm)

for each 1 per-

cent increase in organic matter content of five Saskatchewan soils.

Table 5 also shows a reduction in adsorption of up to 91 percent
among the five soils when adsorption was attempted after the organic
matter was removed.

Some of the change in adsorption could be due to

disruption of the clay- mineral structures.

However, Grover (1971)

found a negative adsorption of picloram on kaolinite as well as
montmorillonite.

Therefore, contribution of clay minerals to

picloram adsorption is considered negligible.
In an a ttempt to relate the soil characteristics affecting
adsorption of picloram, correlation coefficients were determined
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(Table 6).

Adsorption of picloram was most close l y related to

organic mat t er con t ent, pH and sesq uioxides ( Fe and Al oxide s).

Table 6.

Correlation coefficients (r) between so il properties and
adsorpti on of picloram by five soils

Soil property

Correlation coefficientb

Organic mattera

0.99

Cation exchange capacity

0.84

Sand

0.64

Silt

-0.10

Clay

-0.2 5

Sesquioxides
(Fe o ,Al 0 )
2 3
2 3

+0 . 96

pH

-0.98
0.98

Reduction in organic mattera

aChan ce and Aiken soils excluded
ba correlation coefficient of 0.80 at 5 per cent level and 0.90 at 1
percent l eve l is required for significance

Correla ti on be tween adsorption and cation exchange capacity was
significant at the 0 .05 l evel .
and si lt content.

Correlation was very poor with c lay

Cation e xchange capacit y and organic ma tter are

closely associated with each other (Table 7) .

The pH was negative l y

correlation wi th adsorption.
The positive correlation of organic matter with sorption i s
consi sten t with the results of Sheets, Crafts, and Drever (1962),
who reported that organic matter wa s t he bes t single predictor of
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Table 7.

Correlation coefficientsa (r) of various soil properties
among themselves
b

Soil property

CEC

Sand

Silt

Clay

O.M .

• 81

.52

.1

-.36

- . 40

-.48

. 45

.15

-.34

-.54

-.3 2

-.38

.12

-.74

-.59

- .90

.83

.74

-.30

C. E. C.
Sand

-.49

Silt

R203

Clay
Sesquioxides

pH

- .56

aa correlation coefficient of 0 . 81 at .05 level and 0.92 at . 01 level
is required for significance
bSesquioxides

herbicide sorption among the four factors of organic matter, clay
content, soil pH, and cation exchange capacity.
The role of hydrated Fe and Al oxides as sorption agents was
illustrated by the work of Hamaker, Goring, and Younson (1966), who
found that organic matter and hydrated metal oxides are principally
responsible for the adsorption of picloram on the 10 soils they
studied .

They found the percentage of sorption of

picloram to be 21 percen t and 34 percent
ppm

solution on Fe

o

2 3

(amorpho us) and Fe

in

o

2 3

one

14

c-labelled

hour

from

1

(partially crystalline),

respectively .
In this study, the linear regression analysis between the
sesquioxide (Fe

o

2 3

+ Al 0 ) content of the five soils and adsorption,
2 3

had a correlation coefficient of+ 0.96 (Table 6).
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Desorption
Table 8 shows the release of adsorbed picloram from three soils .
Leaching was with 10 ml portions of deionized water (two elutions).

Table 8.

Effect of soil t ype and organic matte r on the release of
picloram with 10 ml extractions of deionized water at 25 Ca

%

Picloram
initially
adsorbed
lJgms/kgm soil

1.9

108

Organic
matter

Soil

Millville
silt loam

Extraction
number

lJgms/kgm soil

2.53

64.2

2

8.2

7.6

77 5

71. 8

1

63.4

26.9

2

58.9

25.0

122.3

51.9

1

96.0

25.9

2

56.0

15.1

152.0

41.0

Total desorbed
Providence

silt loam

3.59

371

Total desorbed
a

average standard deviation

% initially
adsorbed

69 . 3

0

236

des orbed

1

Total desorbed
Nib l ey
silty clay
loam

Picloram

0.49

The amount of picloram released varied directly with organic matter
content.

This demonstrates the importance of organic matter in soils

on the retention or release of picloram.

The total picloram e lut ed with

two extractions with deionized water amounted to 41 to 72 percent of
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the initially sorbed picloram.

Picloram is not easily removed in

successive extractions of water (5.6 and 2.8 percent in the third
and fourth extractions, respectively) as shown in Tab le 9 for
Providence soil.

Effect of Herbicide Concentration
Adsorption
The amount of picloram adsorbed at various herbicide concentrations by Providence silt loam and Chance loam s oils is shown in
Figure 4 and Table 10.

Table 10 shows adsorption values for Aiken

soils at two herbicide concentr a ti ons .

As picloram concentrations

in solution were increased from 50 ppb to 10 ppm, the amount adsorbed
increased (Table 10).
Thesedata were evaluated in more theoretical terms, us ing the
empirical Freundlich isotherm described earlier (see Equations [1]
and [2]).
As shown i n Figure 5, the sorption data follow the Freundlich

equation (correlation coefficient 0.999).

The values of band n

are the y i ntercept and slope, respectively, and were found to be
538.3

~gm/kgm

and 0.972, respectively for Providence silt loam and

for Chance loam soil it was 2009

~gm/kgm

and 0.837, respectively.

The n value indicates the degree of linearity of the adsorption
isotherm, with a value of 1 being linear.

The val ue of b can be

interpreted to be equal to the concentration of picloram adsorbed
by the adsorben t in equilibrium with a unit concentration of the
herbicide (in this case 1 ppm).

Table 9.

Release of picloram from Providence silt loam soil with four successive 10 ml extractions of
deionized water at 25 C. The soil contained 371 ~gms picloram/kgm soil initially

Extraction
number
1

Herbicide released
Replicate
Average
1

88.2

2

3

96.4
a

2

99.1

--

3

22.0

19.6

4

14.4

--

a

84.0

21.7

26.9
a

44.0

71.6

26.0

--

20.0

20 . 5

5.4

5.5

7.0

Total desorbed
a

89.5

Herbicide released
Replicate
Average
1
2
3

10.7
192.3

3.5

--

a

Average
pH

25 . 3

24.6

7.50

13.3

19 . 7

6.85

6.0

5.6

6.65

2. 1

2.8

6. 70

52.7
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Table 10.

Effect of picloram concentration on its adsorption by
Providence, Chance, and Aiken soils a t 25 C

Soil

Providence
si lt loam

Chance loam

Initial
concentr a tion
ppm

ppm

Amount adsorbed
\lgms/kgm

. 05

.032

18.6

.10

.064

36.3

. so

.325

175.0

1.00

.652

347.7

2 .015

1.168

863.0

4.033

2. 524

1515.0

8.0

5.184

2790.0

10.0

6.436

3611.0

0.5

.209

1.0

Aiken clay

Equilibrium
concentration

582

.479

1042

2.016

1.0502

1930

4.033

2.13

3806

8.0

4.435

7130

10 .0

5. 6134

8773

0.5

0.433

135

1.0

0.867

268

s oil
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Freundlich plot for adsorption of picloram by Providence and
Chance loam soils at 25C .
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Conformity to Tempkin, B.E.T., and Langmuir plots, as described
earlier , was also t es t ed.
multi-layer adso rpti on .

The B.E.T. adsorp tion iso therm describes the
The Tempkin adso r p ti on isotherm was de r ived

t o test for linear distribution of ene rgy si tes .

No conf ormi t y t o any

of the three models was f ound.
Desorption
To s tudy the release of picloram with additional elutions of
water , 1 ppm solutions of picloram were allowed t o equilibrate with
soi l at 25 C.

The bulk solution, which was in equilibrium with the

adso rb ed picloram, was diluted wi th deionized water to create differe nt concentra ti on gradients .
reach equilibrium.

The sys t em was t hen allowed t o

The results are presented in Table 11 for the

Providence s i lt loam soil.

Dilutions of eq uilib rated bulk solution

from 1.5 to 3.22 were used.

Table 11 .

Dilution

Effec t of increasing dilut ion with dei onized wat er on the
re l ease of Picloram from Pr ovidence silt l oam s oil at 25 C

Picloram
desorbed
IJgms/kgm
soi l

Equilibrium
concentration

Pic l oram remaining
adsorbed a fter
desor]tion

ppm

Theoretical
amo unt expected

to be adsorbeda
IJgms/kgm
soil

0. 480

262

260

2 .11

142 .5

0 . 390

22 9

217

3.22

193 .4

0 . 271

177

150

1.5

96 . 4

aextrapola t ed from t he adsorption isotherm (see Figure 4)
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The data show the amount of picloram remaining after the first
wash, the equilibrium concentration of the bulk solution and the
theoretical amount of picloram expected to be adsorbed at the three
equilibrium concentrations as extrapolated from the adsorption
isotherm (Figure 4).
tion (1.5) is evident.

The reversibility of adsorption at lower diluHowever, at higher dilutions, the adsorption

is not completely reversible .

The effect of the soil:solution ratio

was studied by an experiment (Table 12) in which soil:solution ratios
ranging from 1:5 to 1:0.5 were used.

It was found that soil:solution

ratios between 1 :5 and 1:2.5 did not have any measurable influence
on adsorption per unit weight of soil.

In this study , the maximum

dilution obtained was 1:2.9.

Table 12.

Effect of soil:solution ratio on the equilibrium ads orpti on
of picloram by Providence silt loam soil from aqueous solutions of 1 ppm concentration

Soil :s olution ratio

Amount of picloram adsorbed
~gm/kgm soil

1:5.0

345

1:2.5

338

1:1 .66

316

1:1.25

350

1:1.00

342

1:0.66

307

1:0.50

268
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Effect of Temperature
Adsorption
The effect of temperature (17.7, 25.0, 28.2, and 34 . 7 C) on the
ads orption of picloram by the Chance loam, Providence silt loam, and
Aiken clay soils is given in Table 13.

An increase in temperature

from 17.7 to 25.0 C resulted in an increase in adsorption.

A de-

crease in adsorption occurred as the temperature increased to 28.2 C
and 34.7 C.

This suggested that two mechanisms are operative in

adsorption .

Table 13.

Effect of temperature on the equilibrium adsorption of
picloram by Providence silt loam, Chance loam, and Aiken
clay soils from 1.0 ppm concentration

Soil

Prov idence

silt loam

Chan ce lo am

Aiken clay

Temperature

•c

Adsorption
!Jgm/kgm soil

17.7

339

25.0

371

28.2

412

34.7

313

17.7

968

25.0

1042

28.2

1020

34.7

1006

17.7

268

25.0
34.7

254
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Haque et al. (1968) found little effect of temperature on adsorption of 2,4-D on clays at), 25, and 40 C, whereas Talbert and
Fletchall (1965) found a decrease in adsorp tion with increased temperatures for simazine-

14

c

and atrazine-

14

c

by Marshall silty clay loam.

Apparently the two mechanisms of adsorption of picloram, which
have opposite temperature coefficients, increase or decrease adsorption

depending on temperature.

In earlier studies (Hamaker, Goring, and

Youngston, 1966) diffusion of picloram was found to be a dominant
fac t or in adsorption.

Diffusion is an endothermic process, and is

enhanced by increases in temperature.

An apparent decrease, after an

initial increase in adsorption suggests physical adsorption, or a weak
bonding, at the pH levels of these soils.
Desorption
Desorption of picloram from Providence silt loam soil is given in
Table 4 for the three temperat ures 25.0, 28.2, and 31.5 C.

Increasing

the temperature helps to remove the adsorbed picloram for the temperatures studied .

This agrees with the results ob tained in adsorption

studies {Table 13) where temperatures above 25 C decreased adsorption
for both Providence and Chance soils.
More studies on adsorption near 0 C would have better clarified
the exothermic or endothermic nature of the adsorption process.

This

study has shown, however, that picloram retention by soils is affected
by temperature varia tions even within the narrow range (17 C to 34.7 C)
investigated.
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Effect of pH on Adsorption
The relationship between the adsorption of picloram and the pH
of the soil suspension is given in Table 14 and Figures 6 and 7 for
Providence silt loam and Chance loam soils; pH was adjusted by adding
O.lN KOH or O.lN HCl to the soils.
adsorption as pH decreased.

There was a sharp increase in

In Table 14 and Figure 6 the percentage

of dissolved free acid, calculated using a pKa of 4.1 for the
carboxylic group is shown.

Adsorption appears to increase as the

unionized acid form increases with decreasing pH.
and Youngson (1966)

Hamaker, Goring,

have recently shown a sharp increase in adsorp-

tion of picloram as the soil slurry pH is lowered from 6.5 to 4.0,
The adsorption of picloram was influenced by the pH of the soil
suspension.

The following regression equations shown this relation-

ship for Chance loam and Providence silt loam, respectively (Figure

6).
log

10

(~gm

adsorbed/kgm s oi l )

3.654 - 0.107 pH

[1 9]

(~gm

adsorbed/kgm soil)

3.460 - 0.125 pH

[20]

and
log

10

The correlation coefficients (0.993 for Chance loam s oil and
0.985 for Providence silt loam soil) indicate that ads orption of
picloram by soil is governed, to a large extent, by the hydrogen-ion
activity relationships which occur between the solution and solid
phase of soil.
Although adsorption of picloram is affected by solution pH, it
is evident that ionization of picloram is not the only factor.

Even
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Table 14.

Soil

Effect of pH on the adsorption of picloram by Chance loam
and Providence silt loam soils at 25 C (initial picloram
concentration 1 ppm)

pH

]lgm/kgm
Chance loam

Providence
silt loam

a

Picloram
undissociateda

Picloram adsorbed
soil

%

3.40

1832

83.4

4 .35

1584

36.0

5.15

1278

8.2

5.75

1132

2.19

6.20

962

. 79

6 . 55

850

. 35

6.90

868

.16
.11

7.05

780

7.25

764

.07

7.55

730

. 04

8.00

612

.01

8.50

522

.004

3.60

916

76.0

4 .50

806

28.5

5.30

697

5.9

5 .95

594

1.4

7.10

251

.1

7 . 45

297

.05

8.00

303

.0 1

8.60

251

.003

9 . 20

200

. 0008

2
undissociated picloram corresponds to the moeity:
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above pH's at which picloram was essentially ionized (Table 14

and

Figure 6), there was a continued decrease in adsorption with increases
in pH.

In a later study it will be shown that the addition of K+ ions

should enhance adsorption, rather than decrease it, as was obtained here.
However, the added KOH in the above experiment resulted in a pH change
which apparently has greater influence than K+ alone.
Bailey, White, and Rothberg (1968) have suggested hydrogen bonding
to clay minerals as a possible mechanism for picloram adsorption.

It

appears that the proton invo l ved in hydrogen bonding at lower pH values
came from the carboxylic group of picloram.

A sharp increase in

adsorption with decreased pH parallels the sharp increase in unionized
species of picloram (Figure 6).

Whether or not protons associated with

soil constituents play any part in unclear.

However, at pH values where

the adsorbate is completely ionized or completely unionized, adsorption
changes with pH.

Picloram is completely unionized below pH 2.1; and

completely ionized above pH 6.1.
3.4 in either of the soils.

Measurements were not made below pH

At lower pH values, other complications

occur because of solubilization of clay latt ice Fe and Al.

However,

adsorption of picloram above pH 6.1, when the picloram is 100 percent
in ionic form, can be considered.

A number of adsorption mechanisms were discussed earlier for the

bonding of picloram at pH values higher than 6.1 (pKa + 2).

The

hydrogen bonding through the amino group , through the carboxylic acid
group, or bridging through metal cations (by coordination with water),
are likely to be influenced by addition of OH-.

Bailey, White, and

Rothberg (1968) concluded that surface acidity of montmorillonite is
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3 to 4 pH units lower than the pH of the bulk solution.

It is con-

ceivable , t hen, that with the addition of more hydroxyls, protons
fr om weak hydroxyls on clay mineral edges wil l continue to react.
Consequently, any bonding of picloram anions through these protons
will be reduced at pH values that seem to be above the pH range
affecting picloram ionization.

The replaced protons are incapable

of reacting wi th the carboxylic group of picloram in s olution due
to its acidity (pKa = 4.1).
The same applies to replacement of protons from -NH

2

and -OH

groups of organic matter and -OH groups of hydroxy oxides in the
soil.
The above seems to be the most feasible explanation for the
reduced adsorption at pH values above

~

6.1.

However, the increased

adsorption at pH below 6 can have an explanation othe r than the
result of increased hydrogen bonding through carboxyl hydrogen.
pH values below
lattice Fe+
lattice.

~

At

5.0, there exists a possibility of re leasing

3

and Al+) due to hydronium (H 0+) ions action on the clay
3
The released Fe+ 3 and Al+) ions are capable of complex

formation with picloram.

Increased adsorption can occur as a result

of this complex formation.
In summary, the adsorption of picloram by Providence and Chance
loam soils is negatively but strongly correlated with pH of the soil
suspension .

The mechanism of adsorption at pH values lower than

about 6 (pH < pKa + 2) is probably by hydrogen bonding .

The hydrogen

atom on the carboxylic group would be the most likely part of picloram
to be involved in such a bond.

Another possibility at much lower pH
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values (pH <~ 5) is the complexation with Fe+

3

and Al+3 , which would

be released as a result of hydronium ion attack on the clay latti ce.
The adsorption mechanism at higher pH values (pH > pKa + 2) appears
to be hydrogen bonding through carbonyl group of picloram to the
weakly acidic protons on the various functional groups on the organic
matter and clays of the soil.

Bailey, White, and Rothberg (1968)

re ferred to physical adsorption as another possible mechanism at
pH > pKa + 2.

The above investigators also indicated the possibility

of metal-c ation-picloram complex di r ectly, or through coordination
with water, at pH > pKa + 2.
Effect of Inorganic Salts on
Adsorption of Picloram
In preliminary studies on the adsorption of picloram by soils,
small amounts of inorganic salts increased picloram adsorption considerably.

Due to differences in the water quality used for irrigation,

differences in salt content of soils and water, and variations in salt
concentrations as the moisture is depleted from soils, the effect of
these inorganic salts on picloram adsorption is of interest .

No

literature, in this respect, has appeared concerning picloram.

Influence of various salts on
picloram adsorption by Providence
silt loam soil
Picloram adsorption from 1.0 ppm initial picloram concentration
by Providence silt loam soil is given in Table 15.
ga ted were BaC1 , KCl, K so , Cacl , and MgC1 .
2
2
2
2 4

The salts inves ti-

Concentration of

each electrolyte was 5 me/1 of solution, except BaC1

2

and KCl als o

had concentrations up to 666.0 me/1 and 130.43 me/1, respectively .
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Table 15.

Salt
BaC1

Influence of va rious salts on the adsorption of picloram by
Providence silt loam soil. Initial picloram concentr a tion
was 1. 0 ppm
Salt concentration
me/1

7.10

356

1.16

7.40

356

2.84

7.30

402

5.53

7.15

442

62.10

6 . 41

643

666.00

5 .90

752

0

7.05

352

5.0

6 .95

388

74 .10

6.66

531

130.43

6.45

555

0

7.05

352

5.0

6.94

344

0

7.05

352

5.0

6.79

411

0

7 .05

352

5.0

6.81

387

K so
2 4

MgC1

Adsoq~tion

IJgms / kgm soil

0

2

KCl

CaC1

Eguilibrium EH

2

2

There was, generally, a drop in soil suspension pH with the
addition of salts.

However, the enhanced picloram adsorption could

not be accoun t ed for by the theoretical increase in molecu l ar picloram
as a result of drop in pH.

Miller (1972)

1

has observed significant

adsorption changes as a direct effect of pH change occurring wi thin
1

Miller, R. W. 1972. Personal communication, Profess or of Soils, Utah
State University, Logan, Utah.
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± 3 pH units of the pKa value of the various phenols or 2,4-D sorbed

t o an organa- clay .

The pH changes below pH 7 woul d be within this

range since the pKa o f picloram is about 4. 1.

Perhap s the apparent

salt effect is largely a pH effect.
The drop in pH was expected on the basis of rep lacement of
exchangeable H+ from the exchange complex of soil by the metallic
cations.

However, at higher BaC1

2

and KCl concentrations, repla ce-

ment of protons from the weak hydroxyls of exposed layers of clay
minerals, hydroxy oxides, and o rganic matter -NH
also a possiblity (Buckman and Brady, 1967).

2

and -OH groups is

An unexplainable slight

i ncrease in pH was ob tained with the addition of small amounts of
BaC1 .
2

Incre ased salt concentrations induced s ome increa ses in picloram

adsorption independent of changes in pH; the refore, the pH effect is
not likely t o be the sole cause of increased adsorption.
Another al t ernative was considered.

The disappearance of picloram

from so lution with the addition of inorganic electrolytes may have been
a result of herbicide precip i tation rather than s oil adsorption.

Such

precipitation commonly occurs where salts are added to an aqueous
soluti on containing neutral organic molecules (Abernathy and Davidson,
1971) .

Picloram precipitation was investigated by centrifuging solu-

tions of piclor am-BaC1 , and picloram-CaC1 concentrations from 5.0 to
2
2
500 me/1.

Picloram concentra tions before and af ter centrifugin g we re

not significantly different, indicating t hat precipitation did no t
o ccur.

Comparison of picloram adsorption (Tab l e 15) at 5.0 me/ 1 of KCl,
CaC1 , and MgC1 revealed that divalent cationp, generally, were more
2
2
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effective in increasing adsorption on Providence soil than are monovalent cations .

Although the replaced protons did not react with

picloram anion in solution to form the molecular form at the pH's
obtained at 5.0 me/1 concentrations, the divalent ions did often
result in more acid pH than did monovalent ions.

The increase in

picloram adsorption at higher salt concentrations could not be
accounted for by theoretical increase in molecular picloram, but
the metal cations may serve as a bond between the exchange site and
the herbicide.

This was suggested by Mortland (1970) for organic

molecules and clay minerals, and by Hance (1971) for linuron ads orbed
to several adsorbents saturated with metal cations.

Hance (1971)

concluded that atrazine did not complex this way.
The carboxyl of picloram is the most likely group to be invalved in complex formation with the metal cations.

However,

Providence soil is 74 percent base-saturated in the natural state,
and about 85 percent of these bases are the divalent cations, Ca and
Mg (Table 16).

Therefore, the continued increase in picloram adsorp-

tion with increasing BaC1

2

and KCl concentrations cannot be the

result of picloram complexing with additiona l Ba+
on the soil.

2

(or K+) ions adsorbed

The picloram adsorption occurring at 130.43 me/1 KCl and

666.0 me/1 BaC1

2

concentrations (Table 15) was much higher than

ex-

pected on this basis.
It is conceivable that the picloram anion in solution will undergo
the following reactions with added metal cations in solution:
[21]
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M+ + P

:t:

[MP] 0

[22]

ill
0

[MP ]
2

+ M+2 + P-

:t:

[MP]+ + [MP ]•
2

[23]

II

where P

is picloram anion, M is a metal cation, and I, II, and III

refer to species numbers.

The most likely constituent of picloram to

be involved in the formation of species I and II would be the carboxyl
group (Bailey, White, and Rothberg, 1968).

Table 16.

Cationic composition of the exchange complex of various
soils

Soil

Cation exchange
ca2acity
me/100 gm
soil

Base a

Ca + Mg

saturation

%

% of
a
exchangeable bases

Nibley silty
clay loam

25.7

100

91.2

Millville
silt loam

15.6

100

83 . 7

Chance loam

37.0

95.7

87.6

Aiken clay

16.3

49.9

87.1

Providence
silt loam

30.5

74.0

84.8

abases denote Na + K + Ca + Mg

The species [MP]+ may be involved in cation exchange with inorganic cations on the exchange complex of the soil.

This possibility

was suggested by Dekking (1964) for the adsorption of polystyrene by
kaolinite and montmorillonite.

A quantitative estimate of the extent
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of [MP]+ as a functi on of M+

2

concentrati on in solution is not

available, although it would increase with increasing M+

2

ions.

A number of other possibilities exist for the increased picloram
adsorption with enhanced salt concentrations.

Salts would change the

thickness of the double layer of ions, which could result in increased
metal ion-picloram complexation.

Hemi-salt formation, which occurs

when the amount of adsorbed base on a surface exceeds the number of
protons available for cation formation, is also possible.

According

to Mortland (1970), in hemi- salt formation, the already protonated
molecule at the surface of clay retains its proton against attraction
by the non-protonated molecule, and a cation of [B

2

- H]

It is possible that additional salts contribute to [B

2

+

type results.

- H]+ formation

by making more base (picloram anions) avaiable for bonding .

The exact

mechanism by which this occurs is not clear .
The increase in picloram adsorption with increasing monovalent

cations (K+, for example, in Table 15) is unexplained.
Equation [22], the species [MP]

0
,

However, from

the result of monovalent cation and

picloram anion interaction, is neutral .

It is conceivable that a

neutral species will have a greater tendency to adsorb by physical
forces (Bailey, White, and Rothberg, 1968) than an anionic species,
which will be repelled by the negative charges on the soil.

McCall

et al. (1972) found that picloram was adsorbed by cationic resin
(H- form), non-ionic resin and anionic resin (Cl - form) to t he extent
of 2.3, 4.0, and 375 mgms/gm of oven dry resin, respectively.

They

concluded that picloram was adsorbed mainly in the anionic form by
coulombic forces (electrostatic) and to a lesser degree by weak
physical bonding (van der Waal's forces).
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Effec t of CaClz in solution on
picloram adsorp tion
Some properties of t he fo ur soils used a re given in Tab l e 1.
I nitial concentration of picloram was 0.5 ppm in all the ca ses.
Nib ley silty clay loam soil.

Figure 8 shows the amount of

picloram adsorbed by Nibley silty clay loam soil a s a function of
CaC1

2

concentration in solution.

Nibley soil as affected by CaC1
shown .

2

The adsorption on Ca-saturated
concentrations in solution is als o

The number s near the data points denote equilibrium pH for

natural and Ca-saturated soils, respectively.
Picloram adsorption is greatly increased by increasing CaC1
concen tration in solution to 500 me/1.

remains the same whethe r soil was Ca-saturated or not .

Ca-saturation

of the soil did not affect the suspension pH at any of the CaC1
concentrations.

2

The extent of adsorp tion

2

This was expec ted because the soil wa s 100 percent

base-saturated in the natural state (Table 16).
The above results are mostly consistent with the theory of complex
formation between picloram anions and metal ions onthe exchange complex.

Nibley soil is 100 percent base-saturated, as shown in Table 16 and the
divalent cations, Ca + Mg , constitute about 91 percent of t he total
cations.

If the mechanism of picloram adsorption to the soil surface

site is by bonding through the metal cations, saturation of the soil
with Ca+

2

ions (a divalent ion) sho uld not alter adsorption character-

istics of the soil .
However, increased picloram adsorption with increasing CaC1

2

in

soluti on both in natural and Ca-saturated soil is more difficult to
explain (Figure 8).

In order to result in higher adsorp ti on of
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picloram, the increase in [CaP ] 0 or [CaP]+ species in solution
2
according to Equation [ 21] would need replacement (exchange) of
adsorbed Ca++ cations by [CaP]+ species of picloram.
Millville silt loam soil.
is similar to the Nibley soil.

The behavior of this soi l (Figure 9)
At lower CaC1

2

concentrations (up to

50 me/1), picloram adsorption was the same for natural and Casaturated soils.
at 500 me/1 CaC1

Reduced adsorption by Ca-saturation of the soil
2

concentration was noted but unexplained.

Millville soil

is~

100 percent base saturated (Table 16), and

Ca + Mg constitute 83.7 percent of the total exchangeable bases.
Therefore, equal adsorption of picloram by natural and Ca-saturated
Millville soil was expected.
The trends of adsorption by this soil are consistent with the
hypothesis of cation exchange of picloram-calcium cation with adsorbed
metal ions.
Chance loam soi l .

Data obtained for Chance loam soil and for

Ca-saturated Chance l oam soil are given in Figure 10 (Curves A and
B, respectively).
CaC1

2

Increases in picloram adsorption with increasing

concentrations were exponential for both the natural and Ca-

saturated soils.

The drop in pH obtained in both cases, as CaC1

concentration increased, was significant.

2

This drop in pH was

probably due to the replacement of protons from the surface of
natural soil by Ca+Z ions.

However, the pH declined considerably

even with Ca-saturated Chance soil.

This is largely unexplained

although the soil was leached to remove excess salts; possibly the
limited number of adsorbed protons from the l eaching process are
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displaced by Ca+
decrease in pH.

2

ions in the herbicide experiment to produce a

Chapman (1965) discusses this possibility in the

l e aching of NH -saturated soils, to remove excess salt .
4
Curve C in Figure 10 is a theoretical curve of picloram adsorption
on Chance loam soil based on adjustment of pH changes at various cac1
concentrations.
[19].

This was done on the basis of Figure

2

and Equa t ion

A comparison of Curves A, B, and C in Figure 10, suggests that

the increase in adsorption cannot be accounted for by a decrease in
soil pH alone.
The replacement of adsorbed cations (or Ca+

2

in the case of Ca-

saturated soil) by picloram cations (CaP)+ is a likely possibility
for the increase in picloram adsorption by Chance loam soil with increasing Cac1

2

in solution.

Chance soi l was high l y (95.7 percent)

base saturated, with Ca + Mg constituting 87.6 percent of the exchangeable bases (Table 16).
Aiken clay soil .

Aiken clay soils due to its different exchange

character, provided an alternate method of checking the mechanism by
which inorganic salts enhance picloram adsorption.

The picloram

adsorption by Aiken clay soil as influenced by increasing CaC1
s olution is reported in Figure 11.

2

in

After an initial increase in

adsorption (Curve A in Figure 11) at 5 me/1 of CaC1

2

concentration,

there was a gradual drop in the adsorption curve with higher concentrations up to 500 me/1.

The initial increase in adsorption parallels

the considerable drop in pH of the soil from 6 . 28 to 5.57.

This

probably resulted in an increase in molecular picloram.
Further additions of CaC1 2 produced a slight drop in pH in each
case and completely reversed the pattern of pH-adsorption observed
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with the other soils.

This demonstrates the importance of functional

groups on the soi l, in addition to functional groups on the picloram
molecule, as discussed in the pH studies.

Table 1 showed this soil

was entirely different from the three soils discussed above.

The

most obvious difference was the predominance of hydroxy oxides
(sesquioxides) of Fe and Al--- and almost a compl ete absence of organic
matter.
If the adsorption process in this soil was coulombic attraction
between picloram anions and positive charges on Fe

o

2 3

and Al 0 , as
2 3

suggested by Hamaker, Goring, and Youngson (1966), then as the molecular
form of picloram predominates as a result of drop i.n pH, its attraction
for positive charges on the soil would be lessened compared to the
attraction of a picloram anion.

This is consistent with the drop in

adsorption obtained with increases in CaC1 .
2

However, an initial

increase in adsorption with the addition of 5 me/1 of CaC1

2

is unclear .

The initial rise in adsorption could be due to adsorption of
molecular picloram by clay minerals and organic matter in the soil
through bonding by the carboxyl hydrogen.

It is apparent that cation

exchange capacity of the Aiken soil (16.3 me/100 gm, Table 1) is not
satisfied at this stage (addition of 5 me/1 CaC1 ).
2

Only about 3.27

percent of picloram, however, is in molecular form at pH 5.57 obtained
by adding 5 me/1 CaC1 .
2
Another possible cause of the initial rise in picloram adsorption
is the bonding of anionic picloram to adsorbed Ca+
metallic complexes as discussed above.

2

ions through

Approximately 50 percent of the

exchange complex of Aiken soil is base saturated as shown i n Table 16.
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The presence of Ca+Z ions in solution allows their adsorption by the
soi l-complexing of picloram anions.
A decline of picloram adsorption by natural Aiken soil with further
additions of CaC1

2

shows that the proportion of molecular picloram in-

creases due to the drop in pH.

Molecular picloram is not capable of

forming metal-complexes as shown by Curve B (Figure 11).

Picloram

adsorption by Ca-saturated Aiken soil is a function of CaC1
tion in solution.

Ca+

concentra-

Ca-saturation of the soil more than doubled the

picloram adsorption.
2

2

This demonstrated the importance of exchangeable

in complexing picloram at the exchange sites; the pH of the soil

did not change significantly by adding CaC1 .
2

Further decrease in

picloram adsorption by both natural and Ca-saturated soils (Figure 11)
wi th higher CaCl

2

concentrations, is not understood.

The reason for

the decline in pH was discussed previously.
The hypothesis of [MP)+ exchange with adsorbed metal cations was
tested by a quantitative measurement of the replaced calcium ions
during picloram adsorption on Ca-saturated Millville silt loam, Chance
loam, and Aiken clay soils.

The results were not consistent with the

hypothesis that the exchange of (MP]+ and the Ca+

2

occurs.

However, the

disagreement was expected because according to Equation [21), all the
added calcium does not result in the formation of [MP)+.

It is suggested

that a quantitative determination of [MP)+, as a function of Ca+Z in
solution, wou ld be helpful to test the theor y.
In summary, the enhanced picloram adsorption by soils, as a
result of an increase in inorganic electrolytes, is considered to be
primarily through a mechanism involving exchange of [MP)+ cation with
the exchangeable inorganic metal cations.

The validity of this
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mechanism was reinforced by the increase in adsorption obtained with a
Ca-saturated soil by increasing CaC1
Aiken, did not follow this pattern.

2

concentrations.

However, one soil,

The complete mechanism is more

complex or there are various mechanisms possible as soil characteristics
change.
Column Studies
Columns simulate the field condit ions more closely than batch
studies, and allow better control of var iables.

The influence of

herbicide dosage level and Ca- saturation of the soil were studied in
the two soils, Millville silt loam and Aiken clay .

The columns were

also used to test the predictability of a mathematical model based on
the chromatographic theory of herbicide movement, a theory often used
to predict behavior of herbicides in the soil.
Millville silt loam soil
Characteristic properties of this soil are given in Table 1 (see
page 29).
Back-diffusion effects.

Due to the small amount of sample used

for col umn studies, the relative concentration (C/Co) peaks in Figure
12' may not be the true herbicide peaks.

To evaluate back-diffusion

effects 1 .0 ppm solutions of picloram were eluted through an 8.9 em
column of Millville soil.

The vo lume of picloram solution added

varied from 3.52 ml in one case to 5.0 ml in another.

The elution

curves, for nearl y the same pore water flow velocity (Vo) are
essentially the same for the two volumns as shown in Figure 12.

A

lower peak height for 3.52 ml sample would have indicated a backdiffusion effect.

The le ft side (adsorption phase ) of 5.0 ml sample
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0.4 _

0

3.52 ml of 1.0 ppm picloram, vo

4.0967 em Hr-l

~

5.00 ml of 1 . 0 ppm picloram, vo

4.4923 em Hr-1
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0

u
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0.2 .

0.1 -

0
0

Figure 12,

Relative concentration distribution (C/Co) of picloram in
Millville silt loam soil column as affected by amoun t of
picloram solution added on top of the soil column .
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curve is shifted to the left of 3.52 ml sample because of slightly
higher pore water flow veloci ty of the 5.0 ml sample.

The higher

velocity is also responsible for the earlier appearance of picloram
in the effluent of 5.0 ml sample.
Effect of application rate of picloram.

The distribution of

picloram eluted from 8.9 em column of Millville silt loam soil at
two concentrations of picloram is shown in Figure 13.

The two curves

are essentially identical, except for a slightly higher peak and
slightly higher C/Co points on the desorption side of the elution
curve, for the 1.0 lb/A rate .

The slightly lower flow velocity

(vo ) for the 1.0 lb/A dosage resulted in a higher peak height than
expected compared to the lower dosage.

The higher peak demonstrates

that the adsorption i sotherm tends to flatten as the concen t ration
of herbicide is increased.

Although essentially a linear isotherm

was obtained (Figure 4) for the adsorption of picloram, it is expected
that the curve in Figure 4 would flatten as we approached the adsorptioncapacity of the soil.

The tendency for less adsorption would result in

higher peaks as observed in Figure 13.
The adsorption isotherm of picloram on Millville silt l oam soil is
essentially linear at room temperature from 1.0 ppm (0.1 lb/A) to 10.0
ppm (1.0 lb / A) picloram concentrations.
The appearance of picloram in the effluent (at 0.5 pore volume)
much before one pore volume of liquid at both concentrations of picloram
indicates molecular diffusion is significant during picloram movement
in this soil.

One limitation to mathematical prediction of solute

movement in porous media, is the inability t o adequately characterize
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Figure 13.

Effect of two rates of picloram application on the relative
concentration distribution (C/Co) of piclo r am in Millville
silt loam soil column.
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diffusion.

The dispersion coefficient, Do, derived from Equa tion [ 8)

desc ribed above is a combination of mixing by diffusion, D , and
1

hydrodynamic dispers ion , D :
2
Do

[24)

D is linearly related to pore water velocity, vo (Erick, Erh, and
2
Krupp, 1966).

Nielson and Bigger (1963) have reported that D increases
2

as vo decreases; theref ore, the diffusion effects noted in this experiment may be related to the vo's used in these studies.
Effect of calcium sat uration of the soil.

In Figure 14, the move-·

men t of 0.1 lb /A dosage picloram as related to calcium saturation of
Mi llville silt loam is given.

Calcium saturation of the 8.9 em column

of soil did not appreciably affect the amount of adsorption as shown
by the peak heights of the curves.

The slightly lower peak for the

Ca-saturated soil is consistent with a l ower flow velocity of water
1
(0.5882 em hr- ) for this soil .

This is consistent with results from

batch studies (Figure 9) showing that Ca-saturation did not appreciably
affect picloram adsorption by this soil.
The shift of the desorption side of the curve f or Ca-saturated
soil to the left is probably due to picloram being held more tightly
on the calcium saturated soil as discussed previously .

Three pore

volumes (Vo's) were required to elute picloram from each of the two
columns.

The arrival of picloram in the effluent before one pore

volume is probably due to diffusion of the herbicide within the
column.
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Figure 14.

Effect of Ca-saturation on the relative concentration
distribution (C/Co) of picloram in Hi llville silt loam soil

column.
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Aiken clay soil
Some properties of the Aiken clay soil are listed in Table 1.
Movement of picloram in a soil column (12.3 em long) was studied as
related t o herbicide concentration and

cal~iurn

saturation of the soil.

Applicability of Equation [14) to picloram movement was also tested.
Effect of application rate of picloram.

The distribution curve

for 1.0 lb /A dosage is shifted slightly to the right of 0.10 lb /A
curve (Figure 15), indicating greater soil adsorption at the higher
concentration.

The tendency of greater adsorption of the higher

dosages is also evident from the later appearance of picloram in the
effluent.
Both dosages of picloram started to appear in the effl uent of
the Aiken soil after about one pore volume of liquid had passed
through the column, and all picloram was eluted after 2.25 to 2.5
pore volumes had passed.
Calcium saturation of the Aiken soil increased the herbicide
adsorption capacity almost two-fold.

The picloram did not appear in

the effluent until about 2 . 25 pore vo lumes had passed through the
sal t saturated soil even when the flow velocities were nearly equal .
About four pore volumes of displacing liquid were required t o el ute
all of the herbicide.

This is consistent with observations from batch

adsorption studies with Ca-saturated Aiken soil.
Test of mathematical model for picloram
movement in natural and Ca-saturated
Millville and Aiken soils
The model of Davidson, Riek, and Santelmann (1968) was used t o
predict piclorarn movement in two soils.

The choice of soils was
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Figure 15.

Relative concentration distribution of pi cloram in Aiken clay
soil, (1) as a functi on of two application rates (2) as affected
by Ca-saturation of the soil.
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arbitrary, di c tated by their av ailabil i ty.

They did, however,

represent soils of diverse properties in organic matter, clay and
se squioxides contents; properties found in batch studies to be impor tant in picloram adsorption.

Millville si lt loam soil.

Some properties of this soil are l isted

in Table 1.
The relative distribution concentration (C/Cl) as a function of
pore volume (V / Vo), i.e., the number of pore volumes passed through the
column, is presented in Figure 16 .

The theoretical distribution curve

(solid line) for the same pore water velocity (vo) and distribution
coefficient (K) calculated from batch s tudies (Table 5), is also given.
The experimental curve is the same as the one given in Figure 13, with
picloram applied at 0.10 lb/A and with avo of 2.0183 em hr- 1 •
The model (so lid line) predicts quite we ll the concentration of
picloram in the effluent at the start of the leaching, near the end of
leaching and estimates peak height reasonably well .

However, the model

overestimates adsorption over most of the leaching process as evidenced

by the shift of the theoretical curve to the right.

The occurrence of

peak height of the theoretical curve at a pore volume greater than was
shown experimen t ally is also indicative of overestimation of adsorption
by the model.
Some investigators (Davidson , Riek, and Sante lmann, 1968; Cargill
and Davidson, 1969; and Davidson and Chang, 1972) have encountered
similar problems in predicting picloram to movement in soils.

The term

1 + p: (Equation [15]) represents the apparent increase in pore vo lume
due to the linear retention process.

This term is cal led the 'ret arda tion
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Figure 16.

Experimental (o) and calculated relative pi c loram concentration c urve from Millville silt loam soil. Solid curve was
calculate d from retardation factor (K') from batch studies
and dashe d curve from 'adjusted' K' (See Tablel7).
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factor' by some and supposedly corrects the overestimat ion of adsorption.

The dashed line in Figure 16 is the theoretical curve based on

this lower retardation factor (Table 17).

Table 17.

This model adequately

Physical data for picloram displacement through Millville
silt loam and Aiken clay soils

K'

K"

Retardation
factor

Adjusted
retardation factor

\10

Soil

Average pore
water velocity
1
em hr

Millville
silt loam

2.0183

1. 2289

0.971

Ca-saturated
Millville
silt loam

0.5882

1. 2365

0.696

Aiken clay

2.9601

1. 6395

0.926

Ca-saturated
Aiken clay

2.6595

3.4649

describes t he left hand (adsorption) side of the elution curve, as well
as the position of the peak.
If a lack of equilibrium between the soil and flowing system was
the reason for the failure of calculated curves (Figure 16) to describe
the data, then the left hand portion of each concentration distribution
curve obtained for different soil lengths would be separate and distinct
from each other (Cargill and Davidson, 1969).

The concentration distri-

butions for 8.9 and 14.5 em columns of Millville silt loam soil, at about
the same vo ,are shown in Figure 17.

The picloram concentration in the

effluent for each of the two column lengths are similar in the left hand
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Figure 17.

Re l a tive concentra tion distribution (C/Co) of piclo ram in
two columns of Ni llville silt loam soil of different length.
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portions of the curve.

The lower quantity of picloram recovered from

the larger column resulted from adsorption of picloram onto the additional soil; the amount of picloram added to each column was the same.
The data in Figure 17 show that an equilibrium does exist between the
liquid phase and the soil.

In conclusion, the amount of picloram

adsorbed by Millville silt loam soil in a transient system was less
than that determined with the adsorption isotherm procedure (Figure 4).
Ca-saturated Millville silt loam soil.

The dotted line in Figure

18 shows the influence of calcium saturation on the movement of picloram
through a Millville silt loam soil column.

The solid line curve in

Figure 18 represents the theoretical curve based on Equation [14].

The

results obtained with the Ca-saturation are similar to those obtained
with natural Millville soil (Figure 16).

Again, the model overestimated

adsorption as indicted by the shift of the theoretical curve to the
right of the experimental curve.

A lower peak height and slightly more

tailing of the theoretical curve on the desorption side was evident.
The model was tested using the lower retardation factor and described
the data quite well (Figure 18).

In order to obtain a fit to the

experimental data, the retardation factor used for Ca-saturated
Millville soil was 0.696 compared to the value of 0.971 used for
natural Millville soil (Table 17).

Experimental data (Table 17) sug-

gests that the retardation factor for picloram for the Ca-saturated
Millville soil should not be very different from natural Millville
soil.

This is another inad equacy of the model and wi ll be discussed

after considering Aiken soil.
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Figure 18.

Experimental (o) and calculated relative picloram concentration
distributions fr om Ca-saturated Millville silt l oam soil.
Solid curve was calculated from retardation facto r (K ' ) from
batch st.,dies and dashed curve from 'adjusted' K' (See Table 17).
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Aiken clay soil.

Figure 19 gives the relative concentrati on

distribution (C / Co) of picloram in the effluent as a function of pore
vo lumes (V/Vo) of solution passing through columns of Aiken clay and
Ca-saturated Aiken clay soil.

The solid curve in Figure 19 is the

theoretical curve for Aiken clay soil based on Equation [14] and the
retardation factor of picloram obtained from batch adsorption studies
(Table 17).

Inadequacy of the model to describe the experimental data

is evident.

The model overestimated adsorption on this soil as shown

by the predicted late arrival of picloram in the effluent and the
reduced peak .

By selecting a lower retardation factor for this soil

the model described the left hand portion of the curve but was inadequa te in other respects.
Ca-saturated Aiken clay soil .

In Figure 19, the theoretical

curve for Ca-saturated Aiken soil (Curve 2) is shown based on the
retardation factor of picloram calculated from the batch studies .
The model poorly describes picloram movement in this soil.

In this

case, however, the model actually underestimated adsorption, as

evidenced by shift of the theoretical curve to the left of the experimental points, rather than to the right of the experimental points as
obtained in the earlier cases (Figures 16, 17, and 18).
From the discussion above, it appears that part of the failure
of the model to describe the movement of picloram in soil columns is
related to frequent overestimation of the picloram retardation factor
based on the distribution coefficient calculated from batch studies.
Although it was established, for the Millville soil (Figure 17), that
pi cl oram in liquid flowing through a column was in equilibrium with
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that in the soil, it seems that t he distribution coefficient for
picloram changes as the solution moves through the column.

When the

herbicide first enters the soil column at a concentration Co, some of

it is retained; the solution containing the remaining herbicide moves
forward at a lower concentration to be retained and so on, until it

travels the complete length of the soil column.

This allows a large

quantity of herbicide to be retained at the start, but a smaller
amount at the effluent end.

It offers a possible explanation for the

early arrival of picloram observed compared to that calculated using
the retention isotherm.

A knowledge of the distribution of adsorbed

phase with soil depth would assist in solving this problem.
Few reports were encountered which attempted to determine distributions of adsorbed herbicides at various depths in soil columns
undergoing leaching with herbicides.

Lai (1970) did this type of

study with Ca+Mg, Na+Ca, and Na+Mg exchange in soil columns undergoing miscible displacement with considerable success.

Such an

approach may be fruitful in the study of herbicides.
A lower retardation factor helped to predict picloram movement
only for the left hand portion of the distribution curve.

However,

the lower retardation factor applied to every effluent from the column.
An approach that is suggested, similar to the one used by Lai (1970),
would utilize a gradation of retardation fac tors as a function of soil
depth.
Davidson, Riek, and San telmann (1968) and Cargill and Davidson
(1969) worked with fluometuron (a urea derivative herbicide) movement
and Davidson and Chang (1972) worked with picloram movement in soil
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columns and used the model to predict herbicide movement. They also
reported a failure of the model to predict herbicide movement in soil
columns and that t he prediction was improved by assuming a l ower
retardation factor.

They suggested that mixing processes in the column,

a consequence of different size pores in the column, could be a complicating factor in prediction.

The distribution of the solute as a

function of soi l depth should help account for differences as a result
of differential adsorption with movement of solution through different
size pores in the soil at different ve l ocities (mixing).
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SUMMARY AND CONCLUSIONS
Equilibrium studies on five soils, Chance loam, Providence silt
loam, Nibley silty clay loam, Millville silt loam, and Aiken clay, with
varying organic matte r contents, were conducted to study the influence
of various soil variables on the adsorption and desorption of picloram
(4-amino-3,5,6-trichloropicolnic acid).

Comparison of the adsorption

of these soils before and after removal of organic matter (at 350 C)
revealed that up to 91 percent of the adsorption could be accounted for
by organic matter.
The five soils adsorbed from 10.8 t o 58.2 percent of the added
picloram in the picloram concentration range of 0.05 to 10 ppm.

The

adsorption was highly significantly correlated with organic matter
(r = 0.991), pH (r =- 0.98) and sesquioxides content (r = 0 . 96) of
the soils .

It was significantly correlated with C.E.C. (r = 0.84)

at the 0.05 level.

However, C.E.C. and organic matter were also

correlated with each other.

Correlation between adsorption and clay

content of the soils was poor.
Kinetic studies on the five soils revealed that soils with higher
amounts of organic matter take longer to reach equilibrium, (up to
120 hours).

Studies of the effect of temperatures from 17.7 C t o

34.7 C on picloram adsorption by three of the five soils revealed that
the picloram adsorption within this temperature range is endothermic.
A further increase in t emperature to 34.7 C decreased picloram adsorption.
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Adsorption by two of the soils, Chance loam and Providence silt
loam, was linear at 25 C from 0.05 to 10 ppm initial picloram concentrations.

The Freundlich isotherm was obeyed; no conformity to the

Langmuir, B.E.T., or Tempkin adsorption models was observed.
In studies of the effect of induced pH on picloram adsorption by
Chance loam and Providence silt loam soils, it was found that adsorption was inversely related to pH of soil suspension from pH 3.6 to pH
9.2.

The regression equations relating the adsorption with pH were:
Chance loam soil:
loglO

(~gms

adsorbed/kgm soil)

3.654 - 0.107 pH

r = 0.993
Providence silt loam soil:
loglO

(~gms

adsorbed/kgm soil)

3.460 - 0.125 pH

r = 0.985
In studies on desorption from the three soils, Providence silt
loam, Nibley clay loam, and Millville silt loam, with two successive
water extractions, it was shown that 41.0 to 71.8 percent of the
initially adsorbed picloram could be eluted at 25 C with the first
two extractions.

The elution thereafter was very slow.

Contrary to reports in the literature concerning precipitation of
herbicides with the addition of inorganic electrolytes, no evidence was
found of this occurring in picloram solutions without soil.

The disap-

pearance of picloram from solution, with inorganic electrolyte addition,
seems to be characteristic adsorption on soils.
tested were Bacl , KCl, K so , Cacl , and MgC1 .
2 4
2
2
2

The inorganic salts
The divalent cations
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appeared to be more effective than monvalent cations in increasing
picloram adsorption .

conclusive.

The results, in this respect, however, were not

The magnitude of picloram adsorption by Nibley, Millville,

and Chance soils was genera lly the same whether natural soils or Casaturated soils we re used.

These observations suggested an exchange

type reaction of picloram with soil, picloram acting as a cation.
Work with Aiken soi l, high in hydroxy oxides of Fe and Al and low
in bases, provided further evidence that another mechanism for picloram
adsorption is through hydrogen bonding.

Ca-saturation of this soil

resulted in increased picloram adsorption by two-fold, suggesting that
cation-complex formation with the soil surface is also a mechanism of
picloram adsorption.
Column studies of picloram with Millville and Aiken soils corroborated the observation that picloram adsorption is essentially
linear between 1.00 ppm and 10 .00 ppm concentration.

Ca-satura tion of

these soils did not appreciably affect picloram movement in Millville
soil, but considerably reduced it in Aiken soil.

This is in agreement

with data obtained in batch studies and showed that batch work is
reliable in estimating

pic~oram

movement in soils.

Applicability of a mathematical model to picloram movement in
soils columns was tested.

After adjusting the retarda tion factor,

prediction of picloram concentration in the column effluent improved.
However, the prediction was not good after the peak concentration was

attained.

This was probably due to changing distribution coefficients

of picloram wi t h soil depth.

An equation used by Lai (1970), giving

distribution coefficients of ions at various depths is s uggested to
improve the predictabili t y of the model.
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Appendix 1
Some Physical and Chemical Properties of Picloram
(4-amino-3,5,6-trichloropicolinic acid)l
Structural formula:

Molecular formula:

Molecular weight:
241.5
Melting point:

Decomposes before melting

Decomposition temperature:
Vapor pressure:

6.16
1.07

10- 7 mm Hg at 35

c

X

10- 6 rnm Hg at 45

c

ppm

Solubility at 25 C:
Water:
Acetone:
Benzene:

Approximately 215 C
X

430
19,800
200

Solubiltiy of K-salt:

400 , 000 ppm

pKa

4.10

1Dow Chemical Company.

Tordon Information Manual.

B-1 p.

108

Appendix 2
Alphabetical List of Common and Chemical
Names of Herbicides Used in the Text
Common Name
ametryne

Chemical Name
2-(ethylamino)-4-(isopropylamino)-6-(methylthio-striazine

amitrole

3-amino-s-triazole

atrazine

2-chloro-4-(ethylamino)-6-(isopropylamino)-striazine

barb an

4-chloro-2-butynyl m- chlorocarbanilate

bromacil

5-bromo-3-sec-butyl-6-methyluracil

chloramben

3-amino-2,5-dichlorobenzoic acid

chlorazine

2-chloro-4,6bis(diethylamino)-s-triaz1ne

chlorpropham

Isopropyl-m-chlorocarbanilate

CIPC

Isopropyl-m-chlorocarbanilate

dalapon

2,2-dichloropropionic acid

DCPA

dimethyl tetrachloroterephthalate

dicamba

3,6-dichloro-o-anisic acid

dinoseb

2-sec-butyl-4-6dinitrophenol

diphenamind

N,N-dimethyl-2-2 -diphenylacetamide

diquat

6,7-dihydrodipyrido [1,2-a:2'1'-c] pyrazinediium ion

diu ron

3-(3,4-dichlorophenyl)-1,1-dimethylurea

DNC and DNOC

4,6-dinitro-o-cresol

endothall

7-oxablcyclo[2.2.l]heptave-2,3-dicarboxylic acid

EPTC

s-ethyl dipropylthlocarbamate

erbon

2-(2,4,5-trichlorophenoxy)ethyl 2,2-dichloropropionate

fenac

(2,3,6-trichlorophenyl)acetic acid

fenuron

1,1-dimethyl-3-phenylurea

fenuron TCA

1,1-dimethyl-3-phenylurea mono(trichloroacetate)

fluometuron

1,1-dimethyl-3-(a,a,a,-trifluoro-m-tolyl)urea

ipazine

2-chloro-4-(diethylamino)-6-(isopropylamino)-striazine

isocil

5-bromo-3-isopropyl-6-methyluracil

109
1inuron

3-(3,4-dich1oropheny1)-1-methoxy-1-methy1urea

MCPA

[{4-ch1oro-o-to1y1)osy1acetic acid

monuron

3-(p-ch1orophyny1)-1,1dimethy1urea

monuron TCA

3-{p-ch1oropheny1)-1,1dimethylurea

neburon

1-butyl-3-(3 ,4-dichlorophenyl)-1-methylurea

paraquat

1,1'-dimethyl-4,4'-bipyridinium ion

pic1oram

4-amino-3,5,6-trichloropicolinic acid

prometone

2,4-bis(isopropylamino)-6-methoxy--s-triazine

prometryne

2,4-bis-isoptopylamino)-6-(methylthio)-s-triazine

propazine

2-chloro-4,6-bis(isopropylamino)-6-triazine

pyrazon

5-amino-4-ch1oro-2-pheny1-3{2H)-pyridazinone

s11vex

2-(2,4,5-trichlorophenoxy)propionic acid

siw.azine

2- chloro,4,6-bis(ethylamino) - s-triazine

simetone

2,4bis(ethylamino)-6-methoxy-s-triazine

simetryne

2,4-bis(ethy1amino)-6-(methylthio)-s-triazine

TCA

trichloroacetic acid

tricamba

3,5,6-trichloro-0-anisic acid

trif1ura1in

o , o , o-tr if1uoro-2,6-dinitro-N,N-dipropyl-p-toluidine

2,3,6-TBA

2,3,6-trichlorobenzoic acid

2,4-D

(2,4-dichlorophenoxy)acetic acid

2,4,5-T

(2,4,5-trich1orophenoxy) acetic acid
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Appendix 3
St ruc ture of some s-Triazine and Phenyl-alkanoic Acid
Herbic i des Referred to in the Literature Sec t ion
Triazines
Gene ral st r uc tur e:

N

fs

/

'N

\1

Rl'-.

/R 3

_....N-C

R
2

C-N,

-......._ N-:;:..

R
4

----------------------------------------------------------------------Common Name

Atrazine

Rl

H

Sl'ecific Graul's
R3

R2

-c

/

CH 3
"cH

Prometone

H

- CH

Simazine

H

H

- C2 HS

H

-c

Rs

Cl

3

/ CH 3
"cH

R4

H

-C2HS

Phenyl a l kanoi c ac id s

OR
General s tructure:

/
4

- 0CH

'cH3

3

5

/H3

3

-C2HS

Cl

3
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2 ,4-D.

Cl

2,4,5 - T.

Cl
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